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PREFACE 


Twenty years ago it was a commonplace remark that “ (Applied) 
Electricity is in its infancy.” To-day it is certainly true to say that 
Applied Magnetism is in its infancy. 

In recent years the theory and practical applications of magnetism 
have been studied very closely by a large number of investigators, 
and the results of this intensive research have been particularly 
fruitful in helping to solve some of the problems relating to per- 
manent magnets. Special steels are now available having magnetic 
characteristics which would have been considered fantastically 
impossible fifteen years ago. For example, in his classical paper 
read before the Institution of Electrical Engineers at Glasgow in 
June 1912, the late Prof. S. P. Thompson made the following observa- 
tion : “ The ideal sought for at the present time is a steel of such 
composition that, when properly treated, it shall have a remanence 
of 800 and a coercive force of 80. No such steel has yet been produced ; 
but assmedly it is not unattainable. And with the great modern 
advance in metallurgical knowledge, it is not beyond the bounds of 
hope that some day a steel may be produced with a remanence 
of 1000 and a coercive force of 100.” To-day, steels are available, 
and are used, having a remanent intensity of magnetisation of over 
900 and a coercive force of over 200. 

The results obtained with the recently introduced alloys known 
as “ permalloy ” appear likely to produce a revolutionising effect in 
their application to submarine cable work. 

When such great strides have been made in so short a time it 
is reasonable to expect that this rapid rate of development will be 
at least maintained. 

Magnetic methods of analysis of materials and magnetic tests for 
mechanical strength of materials are being rapidly developed by a 
number of workers, and the results already obtained show that 
testing the strength of steel wire hauling ropes, testing for flaws in 
cutlery blades, drills, etc., will be commercially possible at no very 
distant date. The great practical value of such applications of 
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magnetic testing is obvious and the principles on which these methods 
are based are briefly outlined in Chapter XVI. 

In view of the wide and increasing industrial importance of 
magnetism, it appeared to the writer that a need exists for a book 
of moderate size which would give a reasonably complete survey of 
this branch of electrical engineering. The present book has been 
written in the hope that it will help to meet this need. 

In the first part of the book the principles of applied magnetism 
are considered and a brief account of the electron theory of magnetism 
is included, which theory, incomplete as it may be, is undoubtedly 
a very great stimulus to the imagination. The fact of magnetism 
is indeed so remarkable that it appears strange to find the study of 
magnetic phenomena to have been relatively badly neglected until 
quite recent times. 

Very intense magnetic fields are now available, and there is good 
reason to believe that researches made by means of these intense 
fields will lead to other results of both theoretical and practical 
importance. A brief account of some recent work in this direction 
is given in Chapter VIII. 

In the second part of the book various methods of magnetic 
testing are considered. Although in a book of this kind it is im- 
practicable to deal with all the available methods, it is hoped that a 
reasonably representative selection has been made so as to include 
the tests whieh are likely to be most generally reliable and useful in 
practice. 

Whilst the proofs have been read with great care, it is perhaps too 
much to hope that no error has passed uncorrected, and the author 
will be grateful for information of any slip which may remain 
undetected. 

T. F. W. 

Sheffield, 

December, 1926 . 
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THE PRINCIPLES OF APPLIED 
MAGNETISM 


CHAPTER I 

DEFINITIONS— ENERGY OF THE MAGNETIC FIELD- 
MOLECULAR THEORY OF MAGNETISM— AMP£:RE’S 
CURRENT RINGS 

1. Coulomb’s Law 


The law of the mutual action between magnetic poles was first 
stated by Coulomb and may be expressed as follows : 

If two magnetic poles of strength m and m' respectively are placed 
in air and separated by a distance d cm., the force with which each 
pole acts on the other is given by the expression 


mm' 


dynes 


If the poles are like magnetic poles the force is one of repulsion, 
and if the poles are unlike the force is an attraction. 

From the above expression the definition of unit magnetic pole 
follows, viz. : 

Unit magnetic pole is such that, when placed in air at a distance 
of 1 cm. from a precisely similar pole, it is repelled with a force of 
one dyne. 

In order that this definition should be precise, the poles are to 
be assumed to be concentrated at points. 


2. Magnetic Force or Magnetic Intensity 

The magnetic force at a point in a magnetic field is the 
force in d;j .5s which a unit pole would experience if placed at 
that point. The direction of the force is the direction in which a 
unit N-seeking pole would tend to move when placed at that 
point. 


9 
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The force due to a pole of strength m at a point distant d cms. 
in air is 

TYt T 

^ dynes 

3. Unit Line of Magnetic Force 

If there is a uniform magnetic field of unit intensity as defined 
in § 2, and if a plane surface is draAvn perpendicular to the direction 
of the field, then one unit line of force is said to cross each sq. cm. 
of the surface. 

The magnetic intensity at any point in a field may therefore be 
defined as the number of unit lines of force per sq. cm. which 
pass through an element of surface containing the point, and set 
perpendicular to the direction of the field. 

The magnetic intensity is measured in “ gauss,” that is, a mag- 
netic field of intensity H, as defined above, is said to be of strength 
H gauss. 


4. Flux of Force 

If an element of surface of area a sq. cms. be drawn in a 
magnetic field and perpendicular to the field, and if N is the 
strength of the field through the surface, the flux of force throiigh 
the area a is 

<l> = Ha unit lines. 

5. Unit Pole gives Rise to Unit Lines 

Consider a pole of unit strength at the centre of a sphere of 
1 cm. radius. Then, according to the definition given in § 3, one 
unit line of force will cross each sq. cm. of the surface of the sphere. 
Since the area of the sphere contains 47i sq. cms., the whole number 
of unit lines which cross the sphere is 4:m, that is to say, a unit 
magnetic pole gives rise to 4ji unit lines of force. 


6. Intensity of Magnetisation 

If a magnetic pole of uniform strength m has an area A sq. cms. 
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(for example, one surface of the slit in Fig. 3), the intensity of 
magnetisation is 



An intensity of magnetisation J therefore denotes that the 
magnetisation gives rise to AnJ unit lines of force emerging from 
(or entering into) each sq. cm. of the magnetised surface. 

7. Magnetic Force at a Point Inside a Magnetic Material 

Suppose a bar of iron, Fig. 1, is placed in a magnetic field. The 
iron will become magnetised in the 
direction of the field and magnetic 
poles will be formed at and near the 
end surfaces of the bar. 

Suppose that the strength of the 
magnetic poles so induced is m per 

unit area, where m will have different values from point to point 
on the surface of the poles. Then the actual value of the impressed 
magnetic force at any point P inside the iron will be the resultant 
of the externally impressed field and the force due to the '‘'free” 
magnetism at the ends of the iron. The force due to this free 
magnetism is the resultant of all such quantities as 

dm 

W 

taken for the whole of the magnetism on the 
poles, where dm is an element of free 
magnetism on the surface of the bar. 

The actual resultant intensity of the 
impressed magnetic field at a point P inside 
the iron is denoted by H. 

If the bar of iron is a closed ring (see 
Fig. 2), and is magnetised in the direction of 
its, mean circular length, there will be no 
“ free ” magnetism at the surface of the iron and the impressed 
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magnetic force at any point inside the material undergoes no 
modification due to the magnetism induced in the iron. 

8. Magnetic Induction 

Suppose that the iron bar of Fig. 1 has an extremely narrow 
transverse slit (see Fig. 3). Let the actual value of the intensity of 

the impressed magnetic force be H in the 
direction perpendicular to the slit. The 
bar will therefore become magnetised and 
the induced magnetism will produce lines 
of force across the slit. 

If the strength of the induced magnetism 
on each face of the slit is J, that is to 
say, is equivalent to J unit magnetic poles per sq. cm. of the surface, 
the number of magnetic lines which cross the slit will be 4?! J, due 
to this induced magnetism. 

Also crossing the slit and superposed on the induced magnetic 
fiux is the impressed field of intensity H gauss. 

The total number of magnetic lines crossing each sq. cm. of the 
slit surface is therefore 

4nJ + H 

If the material of the narrow slit is now replaced, this total 
number of magnetic lines per sq. cm. will still cross the sectional 
area of iron at P, and this is called the magnetic induction density 
or simply the induction, and is denoted by the letter B, so that 

B = H + 4:71 J 

The unit of magnetic fiux is the “ maxwell,” so that if, through 
a surface of area a sq. cms., the induction is B, the fiux across this 
area will be Ba maxwells. 

Writing the above expression in the form 

B = fiH, 

the factor f* is called the magnetic permeability of the material. 



Fig. 3. 
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Therefore 

nH = H 4:3 iJ 
or 

j = fL-J H ^kH 

iiTl 

The factor k is termed the magnetic susceptibility of the material. 

9. The Magnetic Circuit : Magneto-motive Force 

Consider a closed magnetic circuit such as that formed by a 
closed iron ring as shown in Fig. 4. Suppose that this ring is 
uniformly wound with an exciting coil having 
w turns and let a cimrent of I amperes flow 
through this winding. A magnetic force will 
be developed in the ring and the lines will 
be closed circles concentric with the ring. 

The dotted circle shown in Fig. 4 represents 
the mean path of these lines of force. 

Let H gauss be the intensity of the 
magnetic force at every point along the 
mean path and let 1^ cms. be the length of 
this mean path. Then the work done in carrying a unit magnetic 
pole once round the closed circuit wiU be 

Hl„ ergs, 

and this quantity is termed the “ magneto-motive force ” (m.m.f.) 
round the closed circuit. Now it can be proved that the work done 
in carrying the unit magnetic pole once round the closed path is 
also 

4t7t 

= ^wl ergs 
= l*257w/ ergs 

The factor wl in this expression is the product of the number 
of turns in the winding and the current in amperes which flows in 
the winding. This product is called the “ ampere-turns ” in the 
winding. 

The foregoing expression for the magneto-motive force may be 
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more generally expressed as follows : The m.m.f. round any closed 
circuit is equal to 1'257 times the number of ampere-turns linked with 
the circuit. 

In the particular case represented in Fig. 4, the magnetic force 
at every point along the mean magnetic circuit is given by 


HL 


l-257w/ 


that is 


H = 1 - 2575 *’^ gauss 


wl 


But y- is the number of ampere-turns per cm. length of the 

tfii 

mean path, and hence in this particular case 

H = 1*257 [ampere-turns per cm. length of the mean path]. 


The term “ gilbert ” has been proposed for the unit of magneto- 
motive force, and this term is commonly used in the United States. 
The total magneto-motive force round a magnetic circuit may 
therefore be expressed as 


1*257 [ampere-turns] , gilberts. 


The m.m.f. of the coil in Fig. 4 carrying a current of I amperes 
and wound with turns per cm. of its length is therefore 

1*257 Iu\ gilberts per cm. 

Let B be the induction density along the mean path due to the 
magnetising force H, then 

B = fiH 
or 

H = 4- 
fi A/a> 

where ^ is the total magnetic flux in the iron, jn the permeability, 
and A sq. cms. the cross-sectional area. 

Hence 

m.m.f. = Hln — <f> 
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From a comparison of this equation with the analogous one for 
the electric circuit, viz. : 

e.m.f. = current x resistance, 

the quantity 

L 

Aju 

is termed the reluctance of the magnetic circuit, so that the relation- 
ship for the magnetic circuit is 

m.m.f. = flux X reluctance. 

The reluctance of any portion of a magnetic circuit of which 
the length is cms., the cross-sectional area Ai sq. cms., and the 
permeabiUty is 

Aifii 


10. Self-demagnetising Force of a Magnet 

Consider a uniform magnetic field of which the intensity is H 
gauss. Suppose a bar of iron is introduced into this field and set 
with its length in the direction of the field. The iron will, of course, 
become magnetised, the magnetic poles being at the ends of the 
bar. The effect of these poles will be to produce a magnetic intensity 
which will be opposed to the original field at points inside the iron. 
In Fig. 1, for example, the force at P due to the induced magnetism 
is in the opposite direction to that of the original impressed field. 

In the case of a 'permanent magnet removed from the neighbour- 
hood of other magnetic fields, the force due to the poles is the only 
magnetic force acting. The permanent magnet exerts a demagnetising 
force on itself. 

If, however, a ring of iron is magnetised by an electric current 
as shown in Fig. 4, no magnetic poles wiU be produced and conse- 
quently there will be no self-demagnetising force in this case. 

In the case of a magnet shaped as an ellipsoid of revolution, the 
self-demagnetising force is uniform at aU points within the magnet. 
The magnitude of the self-demagnetising force of such a magnet 
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can be calculated very accurately. Moreover, when the length of 
the ellipsoid is great compared with its breadth, the magnitude of 
the self-demagnetising force becomes small. 

Let J be the intensity of magnetisation of the ellipsoid and let 
Hx be the intensity of the uniform magnetic field before the intro- 
duction of the ellipsoid. Since the self-demagnetising force wiU be 
uniform throughout the ellipsoid, the actual resultant intensity H 
will also be uniform throughout the ellipsoid. The self-demagnetising 
force will be 

H, -H 


and since this self-demagnetising force is due to the intensity of 
magnetisation J, the following relationship holds, viz. : 

Hi - H = YJ, 


where Y is termed the self -demagnetising coefficient. 

For an ellipsoid of revolution of length {i.e., major axis) a and 
breadth (i.e., minor axis) b, the self-demagnetising coefficient is 


where 





For an ellipsoid of revolution in which the length a is great 
compared with the breadth 6, it may be shown that 

For example, if a «= 1506, 

F = 4;r X X 4-7 
10 * 

that is, 

Y = 0-00264. 

The self-demagnetising force would therefore be 

Hi - H = 0-00264J. 

Hence, if J = 1700, which is about the highest value the intensity 
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of magnetisation can have for pure iron (see Chapters II, § 20 ; IV, 
§ 34), the self-demagnetising force will be only 4*6 gauss. 

If a = 400 &, the self-demagnetising force will be 
H, - H = 0-00045J. 

so that for J — 1700 the self-demagnetising force now becomes 
0-76 gauss. 

In testing the magnetic properties of materials, specimens in 
the form of an elongated ellipsoid of revolution would therefore 
be very suitable. From a practical point of view, however, it is 
not very easy to prepare the specimens in this form. Experiment 
shows that if the specimen is in the form of a long thin rod, the 
self-demagnetising force is small. 

The folloAving Table gives the value of the coefficient of self- 
demagnetisation Y for cylindrical rods for various values of the 
ratio of length to diameter. 


Table 

Values of the Coefficient of Self-demagnetisation Y fob Long 
Cylindrical Rods. 


/ Length \ 

= VDiameteri 

Y 

60 

001820 

100 

000516 

200 

0-00148 

300 

0-00070 

600 

0-00027 


11. Paramagnetic and Diamagnetic Substances 

Most substances are acted on by a magnetic field and can be 
arranged in two distinct classes according to the nature of their 
action when placed in a magnetic field. In one class are substances 
whose axis of magnetisation is in the same direction as the mag- 
netising force and in the other class are substances such as bismuth, 
whj^se magnetisation acts directly opposite to the magnetising force. 

I Substances which become magnetised in the same direction 
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as the magnetising force are termed paramagnetic and substances 
which become magnetised in the opposite direction to the magnetising 
force are termed diamagnetic. 

Iron, steel, cobalt, nickel, etc., which are capable of a high degree 
of magnetisation, are termed ferromagnetic substances. 

Apart from the ferromagnetic group, the most powerfully 
paramagnetic substance is neodymium, the permeability of which 


CQ 8,000Vj 




is ^ = 1'003. Amongst other substances, oxygen and manganeso 
are interesting examples of paramagnetic substances. 

The metal bismuth which is strongly diamagnetic has a per- 
meability fi = 0'99983. This corresponds to a negative suscepti- 
bihty K — — 0-0000136. 

12. The Magnetisation Curve and Hysteresis Loop 
Suppose a ring of mild steel is wound uniformly with a magnetising; 
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coil of wire as shown at P in Fig. 4. Let the iron ring be first com- 
pletely demagnetised as follows : An alternating current of, say, 
50 frequency is passed through the magnetising coil, P, having 
such a strength that the iron becomes magnetised to saturation. 
The current is then gradually reduced in strength by means of a 
resistance in series with the coil P or, alternatively, by reducing the 
field strength of the alternator. After the current has been reduced 
to as low a value as possible in this way, the alternator is shut down 
and when it has completely come to rest, the coil P is disconnected. 
In this way the iron will have become thoroughly demagnetised. 

If a small value of direct current be now passed through the 
exciting coil the curve connecting the magnetic induction B and 
the magnetic force H will take some such shape as Oa in Fig. 5, 
that is, the values of B will increase at a moderate rate as the 
values of H increase. 

When the value of the magnetising force H has reached the value 
of one or two gauss, the curve rises much more rapidly as shown at 
ah. For high values of H the curve bends back towards the H axis 
as shown at he. 

The connection between B and H shown by the curve ahe is 
the magnetisation curve of the iron. 

If, after reaching some such value of the magnetising force as 
specified by the point c, the magnetising force is then completely 
removed, say, by opening the circuit of the magnetising coil P, 
the iron retains an amount of magnetisation represented by Od. 
This is termed the remanent magnetism or remanence. 

Since 

B = ^nj + H, 

and since for the point d the value of H is zero, it follows that the 
remanent induction B„m is equal to 4:7t times the remanent intensity 
of magnetisation That is, 

Prem ~ rem 

I^OW referring to Fig. 6, in which Oed represents another mag- 
netisation cmve and Og the remanent induction. Suppose that. 



20 


APPLIED MAGNETISM 


after having been reduced to zero, the magnetising force is given a 
gradually increasing negative value. The corresponding values of 
the induction B will be given by the curve gh, so that when B 
becomes zero, H has the negative value Oh. This value of H which 
is necessary to reduce the induction in the iron to zero is termed 
the coercive force. 



Fia. 6 


As H is still further increased in 
the negative direction, B becomes 
negative and the curve hk is obtained 
such that, when the negative value of 
H, viz. Op, is the same as the maxi- 
mum positive value of H, viz. Os, 
the maximum negative value of B is 
equal to the maximum positive value 
of B, that is, sd = pk. 

If the negative value of H be 
now reduced to zero, the curve km is 
obtained, so that when H is zero, the 
induction has the negative value Om 
equal to Og. 

When H is increased in the positive 
direction, the curve md is obtained. 


so that when H again reaches its former maximum positive value. 


the induction B also attains its former maximum value. In 


this way a closed loop dghkmd is obtained, and is known as the 
hysteresis loop. 

It may be observed here that, strictly speaking, the relation- 
ships detailed in the foregoing, viz. that sd = pk when Os = Op, 
and that a closed loop will be obtained, only hold after the iron 
has been brought into the cyclic state by passing several times 
through the magnetic condition represented by the loop dghkmd. 

The area of the hysteresis loop represents a definite amount 
of energy lost in performing the magnetic cycle and this loss is 
termed the hysteresis loss. The energy represented by the area of 
the hysteresis loop is dissipated in heat. 
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13. The Energy Stored in a Magnetic Field 

If a current of I amperes flows in a coil of w turns (see Fig. 4), 
and if, in consequence, <{> unit magnetic lines link the coil, the flux 
linkages per ampere will be 

<t>w 

T 

The number of flux linkages per ampeie divided by 10® is 
termed the inductance L of the coil in henrys, that is, 

(hw 

L = henrys, 

or, the flux linkages are 

<f>w = Z/10® 

It can be shown (see below) that the total work done in 
establishing the current / amperes in the coil is 

joules, 

and this is the energy stored in the magnetic field. 

The above result holds if the inductance L is constant throughout 
the range of flux considered, that is, if the flux is strictly proportional 
to the current. 

If there is iron in the magnetic circuit, it is necessary to know 
the shape of the magnetisation curve before the energy stored in the 
magnetic field can be determined. 

Suppose the corresponding values of B and H 
for a uniformly magnetised iron ring are as shown 
in Fig. 7. The energy expended in producing the 
flux in the ring is 

j eidt joules, 

where e volts is the back e.m.f. induced in the 
magnetising coil by the changing flux, and i 
amperes is the corresponding current in the coil 
at •the moment t. The integration is taken over 
the whole time required to establish the flux in the ring. 
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The energy absorbed in establishing the current is therefore 


10* J 


joules 


Since 


d BAw 


volts 


dt 10* 

where w is the number of turns in the exciting coil. 

If the iron is magnetised to an induction B{ = Oh, Pig. 7), the 
energy stored in the magnetic field will be 

1 


An X 10’ 


^ Hl„^AdB joules 


1 

— I HdB ergs per c.c. of the iron. 


since 


471 

To 


tw 


HL 


and cms. is the length of the mean magnetic circuit. 

Since one erg is equal to 0*737 x 10"’ ft.-lb., 
the energy stored in the magnetic field when the 
iron is magnetised to the induction Ob, Fig. 7, is 

0*737 



(shaded area) x 


ft.-lb. per c.c. of the 


47t X 10’ 

iron (see also Chapter XV, § 82). 

If the substance in which the magnetic field 
is established is non-magnetic, the relationship 
between B and H will be given by the straight 
line Oc, Fig. 8. 

The energy stored in the magnetic field when the induction is 
B{ = Ob), and the corresponding magnetising force is H{ = Oc), is 

1 


An 


X (shaded area) 
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But for non-ruagnetic substances, the permeability ^ = 1, that 
is, B = H. Hence the stored energy of the magnetic field is 

= } ergs per c.c. 

oTi: 


The maximum value of H practically obtainable by normal 
means {e.g., electro-magnet) is about 25,000 gauss. The maximum 
amount of energy which it is practicable to store in a magnetic 
field in non-magnetic materials is therefore 


= 24-8 X 10» ergs per c.c. 

8n 8n 

— 30 ft.-lb. per cubic inch. 

Recently, the author has succeeded in obtaining very intense 
magnetie fields (see Chapter VII), viz., of the order of half a million 
gauss. For a field of intensity of 500,000 gauss the energy stored 
in the magnetic field is 


= 9,900 X 10® ergs per c.c. 

= 12,000 ft.-lb. per cubic inch. 

If the air-space which is occupied by the uniform magnetic field 
is of cross-section Ag sq. cms. (that is, the section at right angles to 
the direetion of the field), and length Ig cms., the total energy stored 
in the magnetic field in the whole of the air-space considered is 


BHA^g ergs, 

1 ^F,ergs, 

where ^ = BAg and is the total magnetic flux through the air-space, 
and Vg = Hlg ergs. 

Since the quantity Hlg is the work which would be done in carrying 
a unit pole the distance Ig along the air-space, this quantity is the 
niagnetic potential across the air-space and is denoted by Vg in 
the foregoing expression. 
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14. PtiU between Two Magnetised Iron Surfaces 

In Fig. 9 are shown two magnetised iron surfaces separated by 
a gap of d cms. 

If the magnetic induction in the gap is 
assumed to be uniform and equal to B and 
if the stirface area of each magnetised face is 
S A sq. cms., then the magnetic energy which 
is stored in the gap will be (§ 13), 

g- AS ergs. 

Let P be the pull in dynes which acts on 
each gap surface due to the magnetic field. 
Suppose the length of the gap is increased 
by an extremely small amount so that the new 

gap is cms. long. 

The increase of energy stored in the magnetic field wiU be 



“ I 


Hence the work done in increasing the length of the gap from 
d cms. to dj cms. is 


that is, the pull is 


- *5) = A{d, - d). 


P = A dynes. 


P = lb. weight 


This formula enables the strength of the magnetic field to be 
calculated which is necessary to support a given load. 
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An early form of permeameter (S. P. Thompson’s) was based 
on the relationship between induction density and magnetic pull 
as expressed by this formula. 

In deducing the formula for the magnetic pull, it has been 
assumed that the induction density is uniform throughout the gap. 
This is approximately true if the gap length 6 is very small compared 
with the gap area A 

If S is not small, the lines of force will bulge outwards at places 
near the edges of the gap and an accurate calculation of the pull 
can then be made only by dividing the whole magnetic field into 
small elements such that the value of B may be taken to be constant 
for any one element. The total pull is then obtained as the sum 
of the pulls due to the individual elements. 

15. Energy Loss Due to Hysteresis 

As the result of a large number of tests, Steinmetz found that 
the hysteresis loss per cycle, that is, 

^ (area of the hysteresis loop), 

is closely proportional to the l'6th power of the maximum induction 
density reached duririg the cycle, for example, the induction corre- 
sponding to the tip d of the loop in Fig. 6 (see also Chapter XIV, 
and Chapter XV, § 82). 

This relationship holds over a wide range of induction densities, 
viz. from about Umax. = 1,000 to Umax. = 13,000. 

The energy loss due to hysteresis may therefore be written : 

= >?Um^al ergs per c.c. per cycle 
= ^Umax. 10”’ joules per c.c. per cycle 
— 58)?Umax. X 10”’ joules per lb. per cycle. 

The factor r) is known as the hysteresis constant of the iron 
and its value depends on the quality of the iron. 

For good armature iron, the value of t] may be taken to be 0*0013, 
and assuming this value for jj. Fig. 10 has been drawn showing 
the hysteresis loss in joules per lb. per cycle as a function of U. 
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For values of Pma*. less than about 500 the hysteresis loss per 
cycle may be taken to be closely proportional to 

Some experiments carried out in the United States * have 
shown that for iron, iron-silicon alloys, and iron-aluminium alloys, 
melted in vacuo in an electric furnace, extraordinarily low values 
for the hysteresis loss have been obtained. 

For electrolytic iron with a trace of carbon, the hysteresis loss 



for = 10,000 was found to be 813 ergs per c.c. per cycle. This 
corresponds to the value rj = 0-00032 for the hysteresis constant. 

For iron with no carbon but with 3-4% of silicon, the hysteresis 
loss for jBmsx. = 10,000 was about 300 ergs per c.c. per cycle. This 
gives a value of »/ = 0-00012 for the hysteresis constant. 

For iron with 0-4% aluminium annealed at 1100° C. the hysteresis 
loss for Bjoix. = 10,000 was 450 ergs per c.c. per cycle, so that the 
hysteresis constant is r) = 0-00018. 

See Yensen, Bulletin of Bureau of Standards, 
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Table 

Representative Values for the Hysteretio Constant 17 for the more 
IMPORTANT Magnetic Materials 


Material. 


Hysteretio Constant rj. 


Good Armature Iron Stampings 

Silicon Iron (“ Stalloy ”) 

Iron melted in vacuo and containing a small jxircentage of 

carbon 

Iron melted in vacuo and containing a small percentage of 

silicon 

Cast Iron 

Tungsten Magnet Steel 

Carbon Magnet Steel 

Cast Cobalt 

Magnetite 

Heusler Alloy 

Nickel 


00013 

000085 

00003 

0-0001 

0-008 to 0-020 

0-052 

0-045 

0-010 to 0-020 
0-023 

0-003 to 0-030 
0-020 to 0-025 


16. Hysteresis Loss in an Unsymmetrical Cycle 


The hysteresis loops previously considered have been unsym 


metrical loops, that is to 
say, those in which the upper 
limit of the magnetic induction 
is equal and of opposite sign 
to the lower limit of induction, 
Otherwise stated, symmetrical 
hysteresis loops are those traced 
out between the limits ± B. 

Now consider an unsymmetri- 
cal loop such as that shown in 
Fig. 11, where the cycle is carried 
out between the limits 

+ Bx and + B 2 . 

Let 



H. 


Fia. 11. 


B 


m 


Bi + B-i 
2 


B = 



and 
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The hysteresis loss for such a loop is given by the expression 

U = 

The hysteresis factor is constant so long as the mean value 

of the induction is constant. If the mean value is not 
constant, then the factor is given by the relationship 

where rj is the hysteresis 
constant for a symmetrical 
cycle. 

For good ordinary sheet 
steel, 

rj = 0*0012, and a = 

0-344 X lO'i® 

In Fig. 12 the values of 
tj^ are plotted as a function 
of B„. It will be seen from 
Fig. 12 that if the cycle 
is not very unsymmetrical, 
that is, if Bm is small, say 

Pi = + 10,000, B^ = - 

° to .000 20.000 6,000, Pm = 2,000, the value 

^ of J7„ is not very different 

Fio. 12. , , , . , 

from % and the loss m the 

unsymmetrical cycle is not 

much greater than in a symmetrical cycle of the same amplitude. 

For more unsymmetrical cycles, however, such, for example, as 

Pi = + 10,000, P 2 = + 6,000, Pm = 8,000, 

the hysteresis loss becomes very much larger than in a symmetrical 
cycle of the same amplitude {B„ = 2,000). 

Practical examples of unsymmetrical cycles are found in a great 
variety of machines and apparatus. For example, in the pole-shoes 
of direct current machines, where the steady flux of the field has 
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impressed on it the small hysteresis loops due to the flux pulsations 
as the armature slots and teeth sweep across the pole surface. In 
the iron cores of the transformers of a mercury arc rectifier, unsym- 
metrical hysteresis cycles are produced. The iron core of a telephone 
receiver is subjected to unsymmetrical hysteresis cycles due to the 
alternating current magnetisation superimposed on the permanent 
magnet field. 

17. Hysteresis in Very Weak Fields 

Baur carried out some tests on a ring of soft iron when subjected 
to very small values of the impressed force. He found that for 
values of H up to about 0-4 gauss, the relationship between B and 
H could be expressed by the equation 

B - 183H + 1382H2 
and hence the permeability 

^ = 183 + 1382H 

This result implies that for very small values of H the permeabihty 
should be very approximately constant and equal to 183. Lord 
Rayleigh carried out some tests on unannealed Swedish iron wire 
and found that when H was less than 0-04, the permeability was 
constant and equal to about 100. It follows, therefore, that for 
values of H below about 0-04, the magnetisation curve of this quality 
of iron was a straight line, and consequently there was no remanent 
magnetism and no hysteresis loss (see also Fig. 50, Chapter IV). 

18. Ewing’s Molecular Theory of Magnetism 

The fundamental facts of magnetism may be accounted for in a 
satisfactory manner on the assumption that the molecules of iron 
and steel are permanent magnets capable of being turned round 
their centres. This hypothesis was first developed by Weber, and, 
briefly stated, the conception is as follows : 

In an unmagnetised bar of iron or steel the molecular magnets 
are so irregularly arranged that they mutually neutralise each 
other’s external field. When the bar is subject to a magnetising 
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force some of the molecules are turned so that their magnetic axes 
lie in the direction of the force. As the intensity of the magnetising 
force increases, more and more molecules set in the direction of the 
force, and the bar becomes correspondingly more strongly mag- 
netised. There is, however, a limit to the magnetisation of the bar, 
and this limit is reached when aU the molecules are arranged in the 
direction of the magnetising force when the iron is said to be saturated. 
This statement of the theory accounts for the observed facts to a 
certain extent, but it does not account for the fact that there is 
some internal constraint in the iron which prevents all the mole- 
cular magnets coming into line with the magnetising force imtil 
this force has reached a high value. The theory also does not account 
for the internal constraint which maintains the remanent magnetism 
when the magnetising force is reduced to zero — in other words, 
the phenomenon of hysteresis is not explained. 

Ewing, as the result of his experiments, has developed the theory, 
and accounts for the constraint as being due to the mutual magnetic 
action between the molecular magnets as follows : 

When a piece of iron is unmagnetised, the molecules are arranged 
in groups, each group forming a stable magnetic system and pro- 
ducing no external magnetic action. When such a group is subject 
to a small magnetising force H, each member of the group becomes 
shghtly deflected, but the group stiU maintains its general formation. 
When the small magnetising force is removed, each member returns 
to its original position and the external action of the group disap- 
pears. These results correspond to the initial stage oa of the mag- 
netisation curve in Fig. 5. For this first stage the magnetic induction 
is very nearly proportional to the magnetising force, and there is 
no appreciable hysteresis loss when the magnetisation is carried 
through a cycle of which the maximum value of the induction 
density is within the limits of this first stage, because the hysteresis 
loop shrinks to a straight line. Moreover, during this first stage 
the rate of increase of B with H is relatively small. 

If the magnetising force H is now still further increased, the 
second stage of magnetisation is reached. The individual com- 
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ponents of each group of molecules become still further deflected, 
and this increased deflection is sufficient to break up some of the 
groups. The molecules of these ruptured groups then rearrange 
themselves under the magnetic forces, and form new groups in 
which the molecular magnets are more nearly in line with the mag- 
netising force. As H continues to increase, more groups are broken 
up in this way, and the part of the magnetisation curve ab (Fig. 5) 
is obtained in which B increases rapidly with H. This action con- 
tinues until the condition of saturation is approached, the molecules 
become arranged in their final grouping, and the third stage of 
magnetisation is reached. 

StiU further increase of H causes the molecular magnets of the 
new groups to set more and more completely in line with the force 
until eventually the molecular magnets are all arranged in line 
with the magnetising force, and the iron is saturated. This stage 
about corresponds to that part of the curve ahcd in Fig. 6 to the 
right of the ordinate H — 10. 

Now B ~ AnJ + H, 

and when saturation is reached, J has attained its maximum value, 
and the expression becomes — 

B = constant + H. 

The maximiim value of J for pure iron is about 1680, so that for 
values of H corresponding to saturation values 

5 == 4?r X 1680 + H = 21,000 + H. 

It is to be observed that these three stages are not sharply 
defined, but that the consecutive stages gradually merge into each 
other, there being a range over which the phenomena of both stages 
1 and 2 act, and a range over which the phenomena of both stages 2 
and 3 act. 

If after reaching saturation, the magnetic force is gradually 
reduced, the magnetisation curve wiU coincide with the original 
curve in so far as the reduction of H corresponds to a change in 
defection of the individual molecules of a group, but not to the 
rupture of a group. 
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As tho magnetising force is still further reduced the molecular 
groups begin to rupture, |but owing to the forces between the com- 
ponents of the group there is a constrain^i which prevents the mag- 
netism of the iron being reduced proportionally to the reduction of 
the magnetising force, so that when If is reduced to zero there is 
a considerable amount of residual magnetism in the iron corre- 
sponding to the point d in Fig. 5. In other words, the magnetic 
induction lags behind the magnetising force, so that an increase or 
a decrease of H is not accompanied by a proportional increase or 
decrease of B, and this is known as the hysteresis effect. If it be 
assumed that mechanical vibration of the iron results in a greater 
freedom of movement of the molecules, the fact that such mechanical 
vibration reduces the amount of remanent magnetism is also 
accounted for, and similarly the fact that a given magnetising force 
produces a greater degree of magnetisation in a bar which is being 
hammered than one which is not so treated. 

The hysteresis effect entails a loss of energy dissipated in heat, 
because when each molecular group is ruptured the individual 
members are set vibrating, the corresponding kinetic energy being 
eventually transformed into heat. 

In Ewing’s experiments all these effects were exhibited by 
means of a model, in which a number of small compass needles were 
pivoted on a fixed base and were intended to represent the mole- 
cular magnets of a piece of iron (see “ Magnetic Induction in Iron 
and Other Metals,” J. A. Ewing). 

A very interesting consequence of Ewing’s theory of magnetic 
hysteresis was foretold by Swinburne soon after the account of this 
theory had been published. Swinburne argued that if iron were 
rotated in a very strong magnetic field, the molecular magnets 
being held in line by the magnetising force throughout the cycle, 
there would be no dissipation of energy due to the rupturing of 
groups of molecular magnets and, in consequence, the hysteresis 
effect would disappear. This remarkable prediction has been since 
verified by experiment and in Fig. 13 is shown the hysteresis l(pss 
in sheet iron due to rotation in fields of various strengths. It wUl 
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be noticed that in this particular case the hysteresis loss reaches a 
maximum when the field strength is about 16,000 lines per sq. cm. 
As the field strength is further increased the hysteresis loss decreases 
and becomes zero when the field strength is about 25,000 lines per 
sq. cm.* 

Recently, Ewing has modified the original form of his theory, f 
It was earlier supposed that the molecules themselves constituted 
the elementary magnets which, when oriented under the impressed 
magnetic force, gave rise to the magnetic characteristic of the iron. 



As explained in Chapter VII, however, it is now held that it is the 
revolving electrons within the atom which give rise to the magnetic 
properties and that it is not the atom as a whole which becomes 
oriented, but something within the atom. 

From considerations of the limits of reversibility, that is, the 
range of values of the magnetising force for which the hysteresis is 
zero, Ewing concludes that his original model is not satisfactory 

See Beattie and Clinker, Electrician, Vol. XXXVII, p. 723. 

See Proc. Royal Society, Feb., 1922; Phil. Mag., March, 1922. 


3 
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and he has devised a new model based on the movement of the 
electronic rings within the atom. 

19. Evershed’s Theory of Magnetism Based on the Amp^re- 

Ewing Theory 

As will be seen in Chapter VII, no new “ magnetic medium ” 
enters into consideration when dealing with magnetic substances. 
On the contrary, the view is now held that each atom of the mag- 
netic substance itself eomprises a number of eurrent rings and 
these current rings give rise to corresponding magnetic fields within 
the atoms. The medium or space in whieh these magnetic fields 






7—^ 

M: 



b 


P 


P 


P 

'4^ 

G 


'4 




h 


P 


P 


P 










I* 


P 


P 


P 



W G 

H 


G 


h 


P 


P 


P 



::W. 

; M:. 


K 

.4-: 



h 


P 


P 


P 

iiL 

G 



G ijr 



1* 


P 


P 


P 



:4.' 

>: 



.m: 





P 


P 


P 

T 

j. X. 


'd G 

V 

4 

6 


h 


P 


h 


P 



Fia. 14. Fio. 15 


are established is the universal “ ether ” and is in no way differen 
from the space outside the magnet. 

The following brief statement is abstraeted from S. Evershed’ 
paper * and is based on the Amp^re-Ewing theory. 

In the case of pure annealed iron it is considered that the curren 
rings are approximately evenly spaced throughout the mass of th 
iron. In the unmagnetised state, the current rings will arrang 
themselves in stable equilibrium so that their magnetic fields forr 
small closed eireuits and thus no magnetic effect becomes eviden 
outside the substance. This is shown diagrammaticaUy in Fig. 14 
which is a plan of a cubical grouping of current rings arranged abor 
the centres GG. e 

* See Journal of the Institution of Electrical Engineers, 1920, Vol. LVIII, p. 78' 
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When, say, a horizontal magnetising force is impressed on the 
substance, the stable grouping in Fig. 14 will resist the tendency 
of the applied force to orient the individual current rings so that 
their axes will point in the direction of the impressed force, this 
resistance being due to the torque which is exerted on any one 
current ring by the other members of the self-contained group to 
which it belongs. As the intensity of the applied magnetising force 
increases, it will eventually exceed the opposing torque due to the 
stable grouping. Fig. 14, and the current rings will then all swing 
round and set themselves with their magnetic axes in line with the 
applied force as shown in Fig. 15. In this now completely oriented 
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state, the mass of current rings will be in equilibrium and will remain 
in equilibrium when the applied force is removed. The whole 
assembly of current rings will thus pass from the condition of equili- 
brium of Fig. 14 to the condition of equilibrium of Fig. 15, by passing 
through a stage of inequilibrium. 

With the assumed distribution shown in Figs. 14 and 15, there- 
fore, the substance would show a remanent magnetism equal to the 
saturation value. In practice, however, no substance is known 
which behaves in this way, the remanent magnetism always being 
very much less than the saturation value. 

Jn substances like steel, which have a definite crystalline structure, 
the atomic current rings are considered as being concentrated into 
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compact groups with relatively large spaces between neighbouring 
groups, as shown in Fig. 16. The distribution shown in Fig. 16 
does not imply any change in the average number of current rings 
in unit volume, but merely that each group of current rings shown 
in Fig. 14 shrinks into each group shown in Fig. 16, which represents 
the completely unmagnetised condition of the substance. 

When a strong magnetising force H is applied to the substance, 
each group of current rings will re-arrange itseK somewhat as shown 



in Fig. 17, so that the magnetic axes of the individual groups all 
have components in the direction of the applied force H. After the 
removal of the magnetising force the current rings wiU return to 
some such stable arrangement as shown in Fig. 18, and this remanent 
arrangement of the current rings accounts for the remanent 
magnetism. 

It is assumed that each crystal of steel comprises a large number 
of groups of current rings so that each of the systems shown in the 
respective Figs. 16, 17, and 18 may be considered as a portion of a 
crystal. 
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In Figs. 17 and 18 the magnetic axes of the individual current 
ring groups are shown as pointing in directions equally inclined 
above and below the horizontal axis. Such an arrangement, how- 
ever, would not be stable and considerations of the condition of 
maximum energy lead to the conclusion that the groups in each 
crystal will aU be arranged so that their magnetic axes point in 
directions which are either all above or all below the horizontal 
axis as shown in Figs. 19a and B. The diagrammatical representa- 
tion given in Fig. 19 is intended to represent the grouping in adjacent 
crystals of the steel. 

For the further development of this interesting theory of the 
magnetic constitution of steel, the reader is referred to Evershed’s 
original paper (see also Chapters II and VII). 



CHAPTER II 


THEORY OF PERMANENT MAGNETS 

20. The Inherent Magneto-motive Force of a Magnetic 

Siibstance 

In accordance with the electron theory of magnetism, each 
atom of iron, steel, and other highly magnetic substance is assumed 
to comprise a number of current rings which may be replaced by a 
single equivalent current ring, as explained in greater detail in 
Chapter VII.* 

The whole mass of the siibstance thus comprises an assembly 
of minute current rings. In the unmagnetised state of the substance, 
these current rings are arranged in small stable groups in each of 
which the magnetic lines of force due to the current rings are closed 
on themselves within the limits of the group so that no magnetic 
effect becomes observable outside the limits of the group. 

When subjected to an externally applied magnetic force, the 
current rings become oriented so that their magnetic axes set them- 
selves more or less in the same direction and the magnetic field due 
to the current rings becomes evident outside the mass of the material 
— in other words, the substance becomes “ magnetised.” 

A magnetic substance thus possesses an inherent magneto-motive 
force and this can be expressed in the usual form as follows : 

The magneto-motive force round any closed path is equal to 

jQ [ampere-turns linked with that path] 

In this case, “ the ampere-turns linked with the path ” are the 
number of atomic current rings linked with the path, it being assumed, 
of course, that the current rings linked aU have their axes (or a 
component of the axis) directed the same way. That is to say, no 
current ring has its magnetic effect directly opposed to that of the 
other current rings. 

* See also S. Evershed, Journal of the Institution of Electrical Engineers, 1&20, 
Vol. LVIII, p. 780. 
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Assuming there to be one current ring per atom and N, such 
rings per c.c. of the material. 

Further, let i amperes be the strength of the current in each 
current ring. 

When the substance is magnetised to saturation, that is to say, 
when all the current rings have turned so that their magnetic axes 
are all lying in the direction of the magnetising force H, the magneto- 
motive force due to the current rings will be 

4:71 . rNumber of the current rings threaded by a line! 

10 L drawn parallel to the magnetising force H J 

Let s sq. cms. be the area of each current ring. Then if there 
are current rings per c.c., the average number of rings in 1 sq. cm. 

of cross-section perpendicular to H will be ^ and the average number 

of current rings per cm. length in the direction of H will be 



5 


Hence the average number of current rings threaded per cm. 
length by any line drawn parallel to the direction of the magnetising 
force H will be 

sN„ 

It follows, therefore, that the inherent m.m.f. of the substance is 

^7t 

jq isNa per cm. length 

If the substance is not magnetised to saturation, that is, if the 
current rings are not all oriented so that their magnetic axes coincide 
with the direction of the applied force H, it may be assumed that 
the planes of the rings make an average angle 6 with the direction 
of H and hence the m.m.f. of the current rings per cm. length of 
the magnetised substance will be 

4^71 

lYi isNa sin 6 
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Now for pure iron it is known that when magnetised to saturation, 
the flux density due to the magnetisation of the iron is about 21,500 
lines per sq. cm. That is to say, the maximum value of the intensity 
of magnetisation J, is given by the relationship 

inj, = 21,500 
.or 

J, = 1,700 approximately 

But this flux density of 21,500 lines per sq. cm. is due to the 
m.m.f. of the fuUy oriented current rings, so that the m.m.f. of the 
fully oriented current rings per cm. length of the magnetised sub- 
stance is equal to 21,500. 

Hence 

isN„ = 21,500, 
or 

isNa ~ 17,000 approximately; 

that is, the ampere-turns of the current rings per cm. length of the 
magnetised substance is about 17,000. 

This result shows what enormously large values of the m.m.f. 
are produced by the currents in the atoms of the substance itself. 
Now let 

X be the number of electrons revolving within each atom, 
e be the charge of each electron in coulombs, 
n be the number of revolutions per second of the electrons, 
i amperes be the value of the current per atom due to the 
revolving electrons, 

then 

i = xen * 

therefore 

xensNa = 17,000 

where s sq. cms. is the area of a current ring, and N is the number 

* This assumes that all the electrons are revolving in the same direction within 
the atom, which is probably not true. 
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of current rings, that is, the number of atoms, per c.c. of the material 
as before. 

Taking the following numerical values, viz. : 


then 


= 74 X 1021 
e = 1-6 X 10-12 

X = 26, that is, the “atomic number” for iron, 
s — 7'5 X lO"!® sq. cm. as the average area of the current 
rings. 


17,000 „ 

n — - — ^ = 7 
xesNa 


X 101® revs, per second 


This result may be compared Avith the data given in Chapter VII. 

If the magnetised substance is a closed ring and is magnetised in 
the direction of the mean circumference, the in.m.f. of the oriented 
current rings accounts for the remanent magnetism and this m.m.f. 
is wholly expended in driving the magnetic flux round the iron ring. 

If the iron ring were to be cut across a radius so that an air-gap 
were included in the magnetic circuit, the m.m.f. due to the oriented 
CAirrent rings would then have to drive the flux through the iron 
and also across the air-gap. 


21. Energy Stored in the Air-space of a Permanent Magnet 
In Fig. 20 is shown a ring form of permanent magnet of uniform 
cross-section, there being an air-gap AG of 
length Ig cms. in the magnetic circuit. 

Suppose the flux density is taken to be 
uniform throughout the air-gap AC and of 
value lines per sq. cm. 

Further, let Ag sq. cms. be the cross-sectional 
area of the gap. 

The energy stored in the magnetic field in 

the air-gap is fio. 20 . 

R2 

—2 ergs per c.c. 

• 8 ^ 



as shown in § 13. 
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The volume of the air-gap is 

Ajlg C.C. 

Hence the total energy stored in the magnetic field in the air- 
gap is 

8“' ergs 
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The total magnetic flux across the gap is 

(f) ~ BgAg 

The m.m.f. necessary to drive this flux across the gap is 


Vg = Bglg, 


where Vg is termed the magnetic potential difference across the 
gap. 

The total energy stored in the gap may therefore be written 


iZ? 


ergs 
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It is convenient for many purposes to write the expression 

<{> — BgAg 

in the form 

* = ’'■(t) 

or 

-OVg 

where G is the 'magnetic conductance of the air-space. 


22. The Demagnetisation Curve for Magnet Steel 

If steel in the form of a closed iron ring be magnetised to a con- 
dition of magnetic saturation, e.g., the point A in Fig. 21, and if 



the magnetising force is now removed, the steel ring will remain 
magnetised to an amount represented by OG in Fig. 21, that is 
to say, OC is the remanent induction 

If now a negative or demagnetising force be applied, the flux 
density will be reduced, and if the corresponding values of the demag- 
netising force H and the flux density B be plotted, the curve CDF 
will be obtained. This curve CDF is the demagnetisation curve 
of the steel, and the information given by this curve is of cardinal 
importance in the design of permanent magnets. 
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In Fig. 22 the demagnetisation curve is shown for cobalt-chromium 
magnet steel. The curve shows that for the case of a closed ring 
of the steel if any demagnetising force Ha — ha be applied, a flux 
density Ba = ba will exist in the closed steel ring. That is to say, 
after subtracting the demagnetising force ha there is a nett balance 
of the m.m.f. inherent in the steel which is j^ist sufficient to maintain 
a flux density equal to ba. 

Looked at in another way, it may be said that when a flux density 
equal to ba exists in the steel there is an inherent m.m.f. of magnitude 
ha per cm. length of the steel which is available for driving the flux 
across an air-space in the magnetic circuit. 

The demagnetisation curve CF, Fig. 22, may therefore be looked 
on as a measure of the m.m.f. Ha per cm. length of steel which is 
available for driving the flux across an air-space, when any given 
flux density Ba exists in the steel — it being remembered that this 
demagnetisation curve is obtained by first magnetising the steel to 
saturation. 

When used for this purpose, it would be more strictly logical 
to draw this curve so that it comes on the positive side of the vertical 
axis. If, however, the foregoing explanation of the significance of 
the demagnetisation curve be carefully borne in mind, there is not 
likely to be any confusion if this curve is drawn as shown in 
Fig. 22. 

Now suppose that the magnet. Fig. 20, has a length of L, cm. 
Then for any point a. Fig. 22, on the curve CF, the m.m.f. per cm. 
length of the steel will be Ha. The total m.m.f. for the whole length 
of the steel will therefore be 


HaL„ 

and this is the m.m.f. which is available for driving the magnetic flux 
across the air-space. 

But this is the magnetic potential F, across the air-space. 

Hence 
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Let Ag sq. cms. be the cross-sectional area of the air-gap, 
9 f Ag ,, ,, ,, ,, ,, steel, 

„ be the induction in the air-gap, 

,, ,, ,, ,, steel, 


then the magnetic flux will be 


= A,B, = AgB„. 

It follows, therefore, that 


Now 




ergs is the total energy stored in the magnetic field 


in the air-gap (see § 13, Chapter I). 

Hence the magnetic energy in the air-gap which each c.c. of 
the steel is capable of maintaining is 




ergs 


H B 

Now if the value of the products -®— 


be found for various 


points on the curve CF, Fig. 22, and if the values of these products 
be plotted as abscissae with the corresponding values of Ba as 
ordinates, the curve given on the right-hand side of the vertical 
axis in Fig. 22 will be obtained. 


TT jn 

It will be noticed from Fig. 22 that the product has a 

on 

maximum value, and consequently the values of B,, and H^ respectively 
which correspond to this maximum will he the values which will give 
the most economical design, that is, the minimum amount of steel for 
maintaining a given amount of energy in the air-gap. That this is 
so, is evident from the expression for the requisite volume of steel 
given above. 

In comparing the magnetic qualities of steel intended for use 

H B 

as permanent magnets, the maximum value of the product 


as obtained from a curve such as Fig. 22, is the criterion of merit 
for the steel. 
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The volume of steel necessary for storing the energy 


ill 

Sn 


ergs in 


the air-gap is * 


iZ. CO 

8 ^” HA HA. ■ ■ 


Let and be the corresponding values of the induction and 
the available inherent m.m.f., respectively, such that their product 

H B 

is a maximum (see Fig. 22). The value of the product gives 

the maximum amount of energy in ergs per c.c. of the steel which 
that steel can maintain in an air-gap. 

In the following Table, numerical values are given for iron and 
for various qualities of steel. 


Table 


Material. 


Maximum Energy 


Belle 

8tc 


in Ergs per c.c. 


Lowmoor Iron, Annealed 

Mild Steel, Hardened 

Tungsten Steel (0*7% Carbon, 5% Tungsten), Hardened . 

Hadfield’s “ Permanite ” 

Cobalt-Chromium Steel (1% Carbon, 9% Cobalt, 9|% 

Chromium) 

Cobalt Steel (35% Cobalt) 


183 

970 

13,100 

24,400 

26,200 

31,800 


Pig. 22 refers to cobalt-chromium steel, for which the following 
values have been obtained, viz. : 

Bf = 5400 lines per sq. cm. 

— 121 gauss, 

= 26,200 ergs per c.c., 

and this is the maximum amount of magnetic energy which one c.c. 
of this quality of steel can store. From what has been said it will 
be clear that a permanent magnet which is most economical of 

* Magnetic leakage has been neglected here. For the method of taking leakage 
into account, reference should be made to Mr. Evershed’s paper quoted above. 
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material will be obtained when the flux density in the steel is 
B, = 5400. 

Let L, cms. be the length and sq. cms. be the cross-sectional 
area of this most economical magnet. 

10,000 

9.000 

8.000 

7.000 

6.000 

5.000 CD 

4.000 

3.000 

2.000 

1,000 


Fig. 23 . 

Then the magnetic flux across the gap will be 

<!> = B,A. 

and the magnetic potential across the gap will be 

V, = LJIe 

and A,L, c.c. is the smallest volume of the steel which can maintain 

V 6 

the amount of energy ergs in the air-space. 

In Fig. 23 are shown typical demagnetisation curves for four 
qualities of permanent magnet steels.* 

* See E. A. Watson, Journal of the Institution of Electrical Engineers 1925 
Vol. LXIII, p. 822. 
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23. The Useful Energy which a Magnet of Given Dimensions 
can maintain in an Air-space 

Using the relationships obtained in §§21 aiid 22, viz. : 

Vg = HgL, 

and dividing one by the other, gives 

^ 

Vg L,H\ 

or Bg Lg ^ 

Tla ^ Ag Vg 

The ratio y- is the magnetic conductance O of the air-space, 

and this may be calculated for any given form of the boundaries of 
the air-space. 

Since the ratio is known from the dimensions of the magnet, 

Ag 

B B 

the ratio becomes fixed, and the corresponding ratio -rf- is ob- 

tained. 

That is. 


B L 

^ ^ [Magnetic conductance of the air-space] 


j X [Magnetic conductance of the air-space] 


since B^Ag — BgA,. 

If, therefore, a point on the Bg : Hg curve of Eig. 22 be found so 
that the ratio of these two quantities is equal to that given by the 
above expression, it at once follows that 

<f> = b,a, 

Vg = H,L„ 

and therefore the magnetic energy which the given magnet can 
maintain in a given air-space is at once found. 
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24. Some Practical Notes on Permanent Magnets * 

In many practical applications it is essential that a permanent 
magnet shall remain as constant as possible for long periods of time. 
Examples of such cases are moving coil ammeters and voltmeters 
and the brake magnets of electric supply meters. 

A permanent magnet becomes gradually weaker with age. For 
example, the coercive force of steel is a maximum immediately 


after hardening, and the value 
of the coercive force rapidly 
decreases during the first few 
hours afterwards. At the ex- 
piration of a few months the 
rate at which the coercive force 
decays becomes small and re- 
mains more or less constant. 

In Fig. 24 is shown the | 
decrease of coercive force with § 
time for hardened tungsten 
magnet steel and in Fig. 25 a 
similar curve is shown fo” hard- 
ened cobalt magnet steel. 

The causes of loss of mag- 
netisation may be summarised 
as follows : 



Time in days 
Fig. 24. 


(I) Loss of coercive 

force of the hardened steel magnet due to a metallurgical 
change in the material. 

(II) Loss of magnetisation due to the breakdown of the 
stability of feebly-oriented groups of molecules. 

In the following, a short account is given of these several causes 
of loss of magnetisation. 

(I) Loss of Coercive Force Due to a Metallurgical Change in the 


* See S. Evershed, Journal of the Institution of Electrical Engineers, 1925, Vol. 

LXIII, p. 726. 

4 
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Material . — As shown in Figs. 24 and 25, the coercive force of a 
hardened steel magnet falls off rapidly at first and then decays at a 
much slower rate. This decay of coercive force with time is sup- 
posed to be due to the passage of the carbide molecules out of solu- 
tion. That is to say, the steel is itself changing its structure. This 

gradual structural change of 
hardened steel appears to be 
inevitable. It is, however, 
possible, by artificially increas- 
ing the initial rate of decay, to 
bring the magnet into a state 
for which the rate of decay is 
small. In other words, it is 
possible to pass artificially to 
that part of the curve of rate 
of decay of coercive force (see 
Figs. 24 and 25) which corres- 
ponds to a period of several 
years from the time of harden- 
ing. This is done by heating 
the steel to a suitable tempera- 
ture, thus temporarily increas- 
ing the mobility of the mole- 
cules so that a fraction of the 
“ TmeTndar Carbide is causcd to pass quickly 

Fig. 25 . out of Solution. This process is 

termed “ ageing,” because it is 
an artificial equivalent to the long term of years which naturally 
would be required to arrive at the same result. 

For example, it has been found that in the case of hardened 
tungsten magnet steel, if the temperature is raised to 100° C., say, 
by immersion in boiling water, the total decay of coercive force in 
1*1 hours is the same as the decay which would have taken place 
in 1 year at a temperature of 18° C. 

(II) Loss of Magnetisation Due to the Breahdoum of the Stability 
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3 / Feebly-oriented Groups of Molecules . — In a permanent magnet, 
the molecules are maintained in oriented groups and the stability 
of any group is dependent on the mutual induction effects between 
this group and neighbouring groups. There will be a number of 
groups with a small margin of stability and which therefore will 
easily lose their orientation. 

Any impressed effect, there- 
fore, which will upset the 
balance of the less stable groups 
will cause the remanence to be 
correspondingly reduced. For 
instance, the feebly stable 
groups may be de-oriented by : 

(а) The action of stray 
magnetic fields, 

(б) Molecular vibration 
due to mechanical shoc'-k. 

(c) Molecular vibration 
due to heat. 

(a) The Action of Stray Mag- 
netic Fields . — If at any point of 
the demagnetisation curve of a 
magnet the demagnetising force 
is decreased and then increased, 
the values of the induction B so 
obtained do not fall on the original demagnetisation curve. For 
example, in Fig. 26 the point R represents the remanent mag- 
netisation when H is zero, this point having been reached by way 
of the demagnetisation curve MR. 

In Fig. 26 the ordinates give the intensity of the magnetic field 
due to the molecules themselves, that is, the value of 4nJ, whilst 
the abscissae give the intensity H of the magnetising (or demag- 
netising, force impressed on the magnet. 

If a demagnetising force is now applied to the specimen, the 
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relationship between 4knJ and H will be given by the continuation 
of the curve Ifi? as shown. Suppose that, having reached a value 
of 15 units, the demagnetising force is reduced to zero and then a 
magnetising force of 15 units applied, after which the magnetising 
force is reduced to zero and a demagnetising force of 15 units is 
applied. In this way a subsidiary hysteresis loop R^Ri will be 
obtained as shown in Fig. 26. 

When the demagnetising force is now removed, the remanent 

magnetisation will be given 
either by R^ or R^, according 
to whether the value of H 
has been reduced to zero 
from a positive value or a 
negative value as shown by 
the arrows in Fig. 26. 

Should a stray field be 
now impressed on the mag- 
net, the change of the 
intensity AnJ will be defined 
by the subsidiary loop 
R 2 R 1 . When the stray field 
is removed, the magnetisa- 
tion returns very closely to 
the value of the remanence which existed before the stray field 
was introduced. 

In this way, not only is the actual effect of the stray field on 
the strength of the magnet reduced to a minimum, but the magnetisa- 
tion returns to practically the same value after the stray field has 
been removed. 

If the stray field is not likely to exceed a value of, say, 15 units, 
it is sufficient to carry the magnetisation through a subsidiary loop 
the limits of which are H = ± 15. 

Referring now to Fig. 27, which gives the demagnetisation curve 
for the same magnet steel as Fig. 26 with a number of subsidiary 
hysteresis loops shown. Suppose that, having reached the point 
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It = 7160, a demagnetising stray field of 15 units is impressed on 
the specimen which brings the magnetisation to the point A. If the 
stray field is now removed, the magnetisation will reach the value 
given by R„, that is, 6410 units. That is to say, the stray field has 
caused a reduction in the permanent magnet strength of 10"5%. 
Comparing this with Fig. 26, it is seen that if, before putting the 
magnet into service, the remanence has been brought to the value 
Ri or Ri by means of the subsidiary hysteresis loop, the change in 
the remanence would be only about 0-25%. 

The foregoing considerations refer to a bar magnet, and this is 
the worst possible case. If the magnet is in the form of a horse- 
shoe with the poles close together, e.g., the brake magnet of an 
electricity meter, and if the remanence has been brought to some 
value Ra, a stray field will then produce an effect defined by R^A 
on one pole, and by RgEa fhe other pole, so that the nett effect 
on the magnet becomes practically zero. 

(b) Molecular Vibration Due to Mechanical Shock . — ^In S. 
Evershed’s paper the following experimental data are recorded 
showing the effect of mechanical shock on the magnetisation. 

A magnet of tungsten steel was prepared in the form of an ellipsoid 
and the remanent flux density was measured by a magnetometer 
and found to be 7310. The magnet was then submitted to mechanical 
vibration by giving it 500 blows and the effect of this was found to 
decrease the remanent flux density to 7010, that is, a fall in remanent 
flux density of 300 lines per sq. cm. The magnet was then remagnetised 
fully and the remanence was found to have regained its former 
value of 7310 lines per sq. cm. A demagnetising field of 7 units 
was then impressed on the magnet and removed, thus reducing the 
remanence to a value of 6890 lines per sq. cm. In accordance with 
what was said in (a), above, the stability of the magnet was thereby 
increased and the remanence was thereby rendered immune to stray 
fields of magnitude up to 7 units. 

The question then arose as to whether the magnet was also 
rendered more immune to the disturbing effects of mechanical shock, 
by reason of the stabilising partial demagnetisation. To answer 
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this question, the magnet was again subjected to 500 blows of the 
same energy as those given in the previous test. The result of this 
was to diminish the remanence flux density from 6890 to 6830 lines 
per sq. cm., that is, a loss of 60 units. 

This experiment showed that the application of a subsidiary 
hysteresis loop, as explained in (a), above, not only renders the 
magnet less sensitive to the effects of stray fields, but also renders 
it less affected by mechanical vibrations. 

(c) Molecular Vibration Due to Heut . — The molecular vibration 
due to heat is similar in its effects on the remanent magnetism to 
the molecular vibration due to mechanical shock. 

In order to obtain definite data on this point, S. Evershed gives 
the following results of experiments. Two tungsten steel magnets 
were prepared as nearly as possible alike. These magnets were not 
subjected to any heat treatment after hardening. 

Magnet No. 1 was then fully magnetised and the remanence was 
found to be 7220. The magnet was then heated to 100° C. for suc- 
cessive periods, amounting in all to 13-7 hours. The total reduction 
in remanence was then found to be 930 units. Of this amount, 230 
units were due to the decay of the steel, as explained in (I), above, 
and the balance of 700 units was therefore due to the molecular 
vibration due to the heating. 

Magnet No. 2 was then fully magnetised and the remanence was 
found to be 7130 units. After subjeeting the magnet to several 
temporary applications of a demagnetising field of 18 units, the 
remanence was found to be 6345 units. The magnet was then 
heated to 100° C. in successive periods for a total time of 13-4 
hours. The result was that the remanence became reduced by 185 
units, of which amount 130 units were due to decay in the steel 
(see I, above) and the balance of 45 units was due to the vibrational 
effect of the heating. 

This experiment again shows that subjecting the magnet to a 
subsidiary hysteresis loop by the application and removal of a 
demagnetising field results in a reduction of the deteriorating effect 
of molecular vibration due to heat. 



CHAPTER III 


SOME METALLURGICAL FACTS AND THEIR RELATION- 
SHIP TO THE MAGNETIC PROPERTIES OP IRON AND 
STEEL. 

25. Changes of State of Pure Iron when Heated to Melting 
Point or when Cooled Down from the Melting Point 

It has been known for more than 300 years that if iron is heated 
to redness it becomes non-magnetic. About 60 years ago, C. Gore 
showed that when iron is heated to redness, not only does it lose 
its magnetic properties, but that there are also marked changes in 
its specific heat, electric resistance and other properties. Fifty 
years ago Barrett discovered the fact that when iron is heated to 
bright redness and then allowed 
to cool down to a deep red colour, 
it suddenly brightens up again, 
as though heat energy had been 
released within the iron itself. 

To this sudden brightening the 
name of “ recalescence ” has been 
given. 

If a cooling curve is plotted, 
the point of recalescence will be 
marked by an arrest in the rate 
of cooling, that is, by a change 
in the curvature of the cooling 
curve. 

This property of the sudden change in the rate of cooling due 
to a change of state is not peculiar to iron; a common example of 
the same phenomenon is found when water is cooled through the 
freezing point. For example, if water is allowed to cool down 
through the freezing point to a temperature of about —20° C., and 
if a cooling curve be plotted, this curve will show a sudden change of 
curvature when the freezing point of water (0° C.) is reached. The 
shape of the curve is shown in Fig. 28. 
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In Fig. 29 is shown a part of the cooling curve for a sample of 
steel in which recalescence is accompanied by a marked rise of 
temperature. 

The detailed examination of the 
phenomenon of recalescence has received 
great attention from numerous investi- 
gators, the systematic observation of 
the changes of state of iron and steel 
during cooling and heating being com- 
menced by F. Osmond in the year 
1887. 

In order that the change of curva- 
ture of the cooling curves should be as 
Fio. 29. clearly evident as possible, Osmond de- 

vised the following method of plotting 
the curves. Instead of plotting the temperature and time as co- 
ordinates, he plotted the 
temperature and the in- 
verse rate of cooling as 
co-ordinates. That is 
to say, the number of 
seconds were measured 
for a fall of temperature 
of 1° and the “ time per 
degree ” was plotted 
against the tempera- 
ture. If the normal rate 
of cooling becomes in- 
terfered with due to a 
change of state, this is 
shown on Osmond’s 
curve by a marked 
deviation. 

In Fig. 30 are^hown examples~of Osmond’s inverse rate of 
cooling curves. 


'c 
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Comparatively recently, some very accurate quantitative measure- 
ments have been made relative to the changes of state of pure iron 
by Wiist, Meuthen, and Durrer, and in Fig. 31 is shown a diagram 
prepared by S. Evershed and based on these and other results. 

Pure solid iron can exist in at least four different allotropic states, 
viz.. Alpha iron. Beta iron. Gamma iron, 
and Delta iron. Pure iron remains in 
the Alpha state for temperatures up to 
about 770° C. Iron in the Alpha state 
is magnetic. It has an atomic weight 
of 65-85 and at 0° C. it has a specific 
heat of 0-1055. 

When Alpha iron is magnetised to 
saturation, that is, when all the mole- 
cules are fully oriented, the magnetic 
moment of the iron is 1700 c.g.s. units 
per c.c. That is to say, the intensity of 
magnetisation is J = 1700. This is 
equivalent to a magneto-motive force 
of iw ampere-turns per cm. length, where 

^7t * 

iw = 4t7tJ = 4 o7i 1700 (see Chapter I), 
or 

iw — 17,000 ampere- turns per cm. length. 

This result shows what a remarkably 
high value of magneto-motive force is to 
be allotted to the inherent magnetism 
of the molecules of the iron (see also 
§ 20 ). 

When iron is heated, the apparent specific heat gradually in- 
creases, that is to say, all the heat communicated to the iron is not 
utilised in raising the temperature. A similar effect is found in 
nearly aU metals and generally occurs as the melting point is 
approached. In iron, however, the effect appears immediately above 
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0° C. and finishes somewhere about 750° C., whereas the melting 
point of iron is about 1540° C. 

At a temperature of about 770° C., Alpha iron begins to change 
into Beta iron. This change of state is accompanied by a marked 
change in the specific heat and a complete loss in magnetisability. 
Abrupt changes in mechanical and other properties are also noted. 
Tfiere is, in fact, a profound change in the atomic structure of the 
iron. 



Fig. 32. 

In Fig. 32 is shown a curve connecting the saturation intensity of 
magnetisation as a percentage of the saturation intensity observed 
when the iron is wholly in the Alpha state, and the temperature, 
over a range covering the transformation from Alpha iron to 
Beta iron. It is seen that at about 770° C. the saturation 
intensity of magnetisation begins to fall and at about 830° C. it 
has become zero. This curve refers to very pure Swedish iron as 
tested by S. Evershed. It is found that, within the limits of experi- 
mental error, the same curve is traced out as the iron cools from 
830° C. downwards. 

At any temperature between about 770° C. and 830° C., the iron 
exists partly as Alpha iron and partly as Beta iron, that is, partly 
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magnetic and partly non-magnetic, and the percentage saturation 
magnetic intensity at any stage in the transformation is also the 
percentage of Alpha iron in the total mass of iron. 

If the iron is heated beyond about 800° C., it remains in the Beta 
state until a temperature of about 919° C. is reached. Beta iron is then 
converted entirely into Gamma iron if sufficient time is allowed. When 
the iron passes from the Beta to the Gamma state, further abrupt 
changes in the mechanical and other properties occur, but the iron 
remains non-magnetic. The specific heat of Gamma iron is constant. 

If the iron is still fxirther heated, another critical temperature is 
reached, viz., about 1404° C., when Gamma iron is changed into 
Delta iron, the effect being accompanied by a sudden increase of 
about 50% in the specific heat. If heated stiU further, the iron 
remains in the Delta state up to the melting point. The specific 
heat of Delta iron is constant and hence there is no absorption of 
energy as a preliminary to fusion. 

At a temperature of 1528° C. pure iron melts, there is a large 
absorption of energy, a sudden decrease of specific heat and an abrupt 
loss of mechanical strength. 

When molten iron cools, the aforementioned changes of state take 
place in the reverse order, and in the case of pure iron the temperature 
at which the respective changes of state occur are the same when the 
iron cools down as when it is heated. 

The specific resistance of iron changes in a striking manner in the 
neighbourhood of the critical temperature, 765° C. Hopkinson and 
Morris * showed that the mean temperature coefficient f of iron at a 
temperature in the neighbourhood of 0° C. is about 0*0057. At 

* See Phil. Mag., September 1897. 

f The temperature coefficient of a conductor is related to the resistance as 
expressed by the following equation : 

Bt = iZo (1 + aO, 

where 

Bi is the resistance at the temperature t° C., 

B „ „ . „ 0° C.. 

a is the temperature coeffieient. 

This linear relationship holds for a small temperature range and « is the mean 
value of the temperature coefficient for that range of temperature. 
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765° C., the temperature coefficient rises to a maximum value of 
0-0204 and at 1000° C. falls to 0-00244. 

26. The Effect of Temperature on the Magnetisation Curves 

for Iron 

In § 25 it has been shown that, for a range of temperatures from 

about 770° C. to about 


830° C. the saturation 
intensity of magnetisa- 
tion for pure iron may 
have widely different 
values according to the 
temperature at which 
the measurement is 
made (see Fig. 32). At 
the lower temperature 
of this range, the 
saturation intensity of 
magnetisation is about 

the same as that obtained at normal room temperatures, whilst at 

the higher temperature of this 




range the iron becomes non- 
magnetic. 

It is of interest to inquire 
what shape the magnetisation 
curves will have at various 
temperatures within this 
range of values. Such curves 
have been obtained by D. K. 
Morris * and are shown in 
Fig, 33. It will be observed 
that, as the temperature is 
increased, the whole magnet- 
isation curve becomes lower, until eventually, at a temperature of 

* See Phil. Mag., 1897, Vol. XLIV. 
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787-5° C., the iron has become almost non-magnetic. There is a 
further noteworthy feature about the curves of Fig. 33, viz., for 
low values of the magnetising force H, the permeability increases 
with the temperature. This is clearly shown in Fig. 34, in which 
the permeability is plotted as a function of the temperature for a 
series of values of the magnetising force. Specially interesting is the 
curve for H =0-153, which shows that the permeability reaches the 
value of over 12,000 at a temperature of about 765° C., whilst if the 
temperature is further increased by only 15° C. the iron becomes 
entirely non-magnetic. 


27. Steel a Solution 

It is possible to dissolve in iron many elements, both alone and 
in combination. Further, not only do many elements dissolve in 
molten iron, but they can remain in solution when the iron cools 
down. 

Carbon, when heated in contact with solid iron, will pass very 
slowly into the iron and dissolve in it, taking many hours to do what 
is done in a few seconds with the molten metal. 

A solution in the solid state, like steel, differs from a liquid solution 
in degree only. For example, if the temperature of a liquid solution 
is lowered, the passage of the dissolved molecules from solution to 
crystal is extremely rapid. In solid steel, however, even when heated 
red hot to give greater mobility, the same process is found to occupy 
several minutes. When the steel is cold, the mobility is so slight that, 
in praetice, it is ignored and cold steel is regarded as being in an 
unchangeable state. There is evidence, however, that, even when 
cold, the mobility is not quite zero. 

Of the many substances which will dissolve in steel, the ones with 
which permanent magnet-makers are chiefly concerned are carbon, 
tungsten and chromium. 

28. Carbon Steel 

Under ordinary conditions, carbon only dissolves indirectly in 
iron. It does so by first combining with iron to form carbide of iron. 
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FejC, and this substance then immediately dissolves in the remaining 
iron. Iron, however, is capable of dissolving only a very small 
amount of this or any other carbide. 

Tungsten also combines with carbon to form carbide of tungsten, 
WC, which is soluble in iron. Chromium also combines with carbon 

as a carbide of chromium. 



In carbon steel the 
only carbide present is 
the iron carbide. In 
tungsten magnet steel, 
both the carbide of iron 
and the carbide of tung- 
sten are present, there 
being rouglily the same 
number of molecules of 
each. In chromium mag- 
net steel, both the car- 
bides of iron and chro- 
mium will be present. 

Each of the three 
carbides when in solution, 
and only when in solution, 
endows the iron with the 
property which makes it 
suitable for permanent 
magnets. 

In magnet steels, the 
maximum amount of car- 


bon used is about 1%. 

The transformation temperatures for carbon steel are shown in 
the chart of Fig. 35 for various percentages of carbon up to 0*9%. 

When carbon is present in iron, the melting temperature falls, 
and this fact indicates that the carbon is actually dissolved in the 
iron. Moreover, there is a range of temperature over which the iron 
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is neither completely molten nor completely solid. This is shown in 
Fig. 35 by the boundary lines AL and AS. 

The boundary line for the change from Delta to Gamma con- 
dition is not known quite definitely. The point D, however, is 
known for pure iron from Wiist’s results, and a further point has 
been obtained by S. Evershed, viz., the point for 0’7% carbon 
content. As regards the curvature of this boundary line, it is 
assumed in Fig. 35 that the shape is similar to the boundary line 
between the Gamma and Beta stages. 

The boundary line GE shows the change when cooling down from 
the Gamma to the Beta stage. 

The zone MG ia that within which the change from the Beta to 
the Alpha stage takes place during cooling, whilst the dotted zone 
MH is that within which the change from the Alpha to the Beta stage 
takes place during heating. 


Example. — An illustrative example of the behaviour of a pure 
carbon steel containing 0'687% of carbon will now be considered.* 
This steel is representative of the material which was commonly 
used for permanent magnets before the introduction of tungsten 
steel. 

In Fig. 35 the vertical line UV has been drawn through the 
abscissa for 0’687% carbon and shows the changes of state as this 
particular specimen of steel cools down. 

In Fig. 36 is shown the rate of change of temperature with time, 
as this steel cools down from about 750° C. to 570° C., that is, through 
the Gamma, Beta, Alpha transformations. In Fig. 36 are also 
shown the curve connecting the rate of change of temperature with 


the time 



, viz., the curve PQB, and the curve showing the 


rate of change of magnetic intensity with the time (the bottom 
curve). 

Having solidified and cooled down, the Gamma state is reached, 
the iron carbide, FcgC, being still held in solution. In Fig. 36 the 


* See S. Evershed, loc. cit. 
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first sign of departure from the normal cooling is noticed at a 

temperature of 754° C. The rate of fall of temperature 

begins to decrease rapidly, that is to say, heat is being released 
internally. The Gamma stage is now being passed and the Beta 
stage reached, with a consequent release of aUotropic energy in the 
form of heat. 




Fig. 36. 


At the time marked 3 minutes in Fig. 36, that is, at a temperature 
of about 715° C., the first sign of magnetisation appears and the 


rate of change of magnetic intensity 



assumes a positive value. 


At the time marked 11^ minutes in Fig. 36, the value of the ^ 

curve falls to zero, which shows that the transformation from the 
Beta to the Alpha state is complete. The energy released during 
the transformation has been sufficient to produce slight recalesence, 
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the temperature curve reaching a maximum at the time 8 minutes, 
dT 

the curve being then zero (see the point R). 

In Fig. 37 are shown two demagnetisation curves for this steel, 
viz., 

Curve A, for the steel in the softened state. From this curve 
it will be seen that the coercive force H is about 9| units and 
the remanent induction B about 10,400. 

Curve B, refers 
to the steel completely 
hardened. From this 
curve it is seen that 
the coercive force is 
now about 48-5 units 
and the remanent >> 

induction B about g 

8,900. ^ 

In Fig. 38 are shown ^ 
the curves of loss and re- 
covery of magnetism for 
this steel with the tem- 
peratures plotted as 
abscissae. 

A comparison of these 
curves with the curve of 
Fig. 32 for pure iron 
shows that the introduction of carbon has not only moved the 
curves to the left on the temperature scale, that is, the transformations 
take place at lower temperatures, but also there is now a marked 
difference between the heating and the cooling curves. 

As already stated, for pure iron, the heating and cooling curves 
are coincident. 

29. Tungsten Magnet Steel 

Tungsten magnet steel may be described as carbon steel in 
which about half the carbide of iron has been replaced by carbide 
5 
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of tungsten, the total carbon content remaining the same. The 
effect of this is to increase the coercive force from less than 50 units 
to more than 70 units, and this leads to an increase of magnetic 
energy which the steel can maintain from about 7200 ergs per c.c. 
for carbon steel to about 14,000 ergs per c.c. for good tungsten steel. 
This improvement is aU the more remarkable because carbide of 
tungsten by itself is unable to accomphsh it. 

The amount of tungsten commonly used in magnet steel at present 
is about 6%, the carbon content being from about 0‘56% to 0*80%. 
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30. Chromium Magnet 
Steel 


780 


This steel may con- 
tain about 2% of 
chromium and 1% of 
carbon. 

The value of chrom- 
ium in steel for perman- 
ent magnets appears 
to be in dispute. Ever- 
shed states : “ The most 
powerful solute consid- 
ered solely as a source 
of potency * is the carbide of chromium, the molecule of which is 
some eight or nine times as powerful as a molecule of carbide of 
iron. Unfortunately, carbide of chromium also has the power of 
preventing molecules of iron from assuming the magnetic state. 
Although as a solute molecule it provides great potency, yet at the 
same time carbide of chromium greatly depletes the steel of its 
magnetic molecules, and the loss of magnetic power from this cause 
outweighs the gain in potency. For this reason, chromium steel 
is inferior to tungsten steel as a material for permanent magnets. 
But by the introduction of another solvent, namely, an aUoy of 
cobalt with iron. Professor Honda appears to have removed this 


* That is, coercive force. 
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drawback and for the first time enabled carbide of chromium to be 
used without robbing magnetic molecules of their magnetism.” 


Pure Iron 


31. Cobalt Magnet Steel 

This type of steel may be divided into two sections, viz. (i) Low 
cobalt steel, and (ii) High cobalt steel.* 

(i) Low Cohalt Steel . — As now used, this contains about 9% 
chromium, 0*8% to 1% carbon, and 9% to 20% cobalt. A small 
quantity of other alloys 

such as tungsten or 
molybdenum is added to 
improve the air-harden- 
ing properties. 

(ii) High Cobalt Steel. 

— ^This type of steel was 
invented by Professor 
Honda of Tokio Univer- 
sity and is sometimes 
called “ Japanese Steel.” 

A usual composition for 
this steel is as follows : 

35% to 36% cobalt, 3% 
to 4% tungsten, 1% to 
2% chromium, 0-8% car- 
bon, and a small quantity o zoo 400 ooo 

of manganese. Temperature, C? 

Fio. 39. 



Carbon steel 


Tungsten steel 


Nickel -iron alloy 


800 


1000 


32. Curves of Loss and Recovery of Magnetism for Various 

Materials 

In Fig. 39 is given a set of curves showing the loss and recovery 
of magnetism in pure iron, carbon steel, tungsten magnet steel, and 
nickel iron alloy, respectively. The last-named is specially interest- 
ing. It refers to the nickel iron alloy discovered by Hopkinson and 

* See E. A. Watson, Journal of the Institution of Electrical Engineers, 1925, Vol. 
LXIII, p. 822. Also Electrician, 1920, Vol. LXXXV, p. 706. 
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has a composition of 1 part of nickel to 3 parts of iron. From this 
curve it appears that for a temperature range of about 0° C. to 600° C. 
the alloy may be either magnetic or non-magnetic, according to 
whether that temperature has been reached by heating the alloy 
from 0° C. or cooling it down from 600° C. 



Content of carbon, in grammes per loo grammes of steel 
Pure carbon steel in the hardened state. 

Fig. 40. 

33. Hardening 

In a permanent magnet it is, of comse, necessary that the iron 
shall be in the Alpha state, since this is the only magnetic state. 
Normally, Alpha iron will dissolve an amount of carbide of iron 
such that the carbon content of the iron is about 0-03%, and such 
iron has a coercive force of about 9 units (see Fig. 40). For pure 
iron in the Alpha state, the coercive force is only about 2 units 
(see Fig. 40). 

To make a powerful magnet, there must be great coercive force 
and a high value for the inherent magneto-motive force, and both 
factors must be taken into account in determining the best percentage 
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of carbon compounds to insert in the steel. It has been found by 
experiment that a permanent magnet maintains the maximum 
amount of useful magnetic energy when the steel contains about 
O' 72% of carbon in the form of soluble carbides, the whole amount 
being in solution. 

In order that the steel shall have the coercive force which is 
requisite in a permanent magnet, two operations are necessary : 

(i) the whole quantity of carbide in the steel must be dissolved, and 

(ii) whilst the carbide molecules are still in their solution positions 
they must be deprived of their mobility. In this way, the whole of 
the carbon present in the magnet steel may be made to be effective 
in producing a high value for the coercive force. 

What the hardening process effects is the solution of the whole 
of the carbon, notwithstanding the fact that the solvent iron is in 
the Alpha state, and since the amount of carbon in magnet steel is 
about 20 times as much as Alpha iron can naturally dissolve, it seems 
reasonably certain that the molecular condition in the hardened steel 
is not a state of equilibrium. Further reference to this matter is 
made in § 24 (see also Figs. 24 and 25), Chapter II. 

Taking the two parts of the hardening process in turn, the first 
part is the dissolving of the whole of the carbon. Now any of the 
allotropic modifications of iron, other than Alpha iron, will readily 
dissolve a good deal more carbon than 0-72%. The first step, there- 
fore, is to transform the iron into the Beta, Gamma or Delta state, 
by heating the steel to the proper temperature. Although any of 
these states of iron will dissolve all the carbon, no one of them does 
so better than the others. Hence, there is nothing to be gained by 
raising the temperature beyond the point at which the whole of the 
iron assumes the Beta form. 

For example, in tungsten magnet steel, the conversion of the 
Alpha state into the Beta state is completed at a temperature of 
790° C. Allowing a small margin, therefore, the steel should be 
raised to a temperature of about 820° C. and maintained at that 
temperature for 3 or 4 minutes. By this time the carbon will have 
been completely dissolved. The complete solution of the carbon. 
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however, has only been obtained by converting the steel into the 
non-magnetic Beta state. It is now necessary to transform the 
steel into the magnetic or Alpha state by reducing the temperature, 
without, however, allowing the carbide to pass out of solution during 
the process of cooling. That is to say, the cooling process must be 
so quickly carried out that it is completed before the carbide has had 
time to crystallise out. 

The second operation in the hardening process, therefore, consists 
in causing the temperature of the steel to drop as quickly as possible 
from some point at which the whole of the carbon is in solution down 
to the temperature of the atmosphere. 

When the temperature has fallen to about 100° C., the steel may 
be said to be cold in so far as the hardening is concerned. The 
obvious method of rapidly cooling the steel down to about 100° C. 
is to immerse it in cold water. Red-hot steel immersed in cold water, 
however, produces a film of steam round the metal, and this film 
being of low heat conductivity, there is a possibility of an appreciable 
time elapsing before the cold water can get into contact with the 
metal. To guard against the danger that the steel may in this way 
cool slowly to a temperature below the critical value, the temperature 
of the steel at the moment of immersion should be well above the 
critical point. 

It has been found that a small increase of coercive force is obtained 
if the temperature of the cooling water is 50° C. 

A nearly saturated solution of calcium chloride used as the cooling 
liquid is of value in preventing the splitting of cylindrical bars which 
so frequently occurs when quenched in water. 

The following notes on the heat treatment of cobalt steel are of 
interest (see § 31).* 

(i) Low Cobalt Steel . — “ The heat treatment of this steel is some- 
what complicated, but, on the other hand, it does not require such 
acemate temperature control as do the other steels. It usually 
consists in a preliminary heating to 1160° C. in order to break up the 
complex carbides which are present in the annealed bar and to ensure 

* See E. A. Watson, loc. cit . ; also Electrician, 1920, Vol. LXXXV, p. 706. 
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thorough solution of the carbides. This is generally followed by a 
quick annealing at about 750° C. to break up the austenite formed at 
the previous treatment, and this again is followed by heating up to 
about 1000° C. and cooling in air. Considerable latitude can be 
given on the temperature of the first two treatments, and a tolerance 
of ± 20° C. can usually be allowed on the latter, but careful control 
of the cooling rate is necessary. These steels are remarkably free 
from troubles due to cracking and distortion.” 

(ii) High Cohalt Steels. {Japanese Steel.) — “ These steels are 
all oil-hardening with a single treatment only. They give little 
trouble with distortion or cracking, but accurate temperature control 
is essential, as a slight elevation of temperature above the absorption 
point promotes the retention of austenite with a low remanence. 
The cooling rate is also of importance, and it is hence important to 
use an oil of the correct viscosity and to control its temperature.” 

The author acknowledges his indebtedness to papers in the 
Journal of the Institution of Electrical Engineers by S. P. Thompson 
(1913, Vol. L), and S. Evershed (1925, Vol. LXIII), for information 
on the subject matter of this chapter, and for a more complete 
discussion reference should be made to these papers and also to 
The Electrician, December 1920. 



CHAPTER IV 

SOME CHARACTERISTICS OF MAGNETIC SUBSTANCES 


The only substances which, in the pure state, are notably 
magnetic are iron, cobalt and nickel. On the other hand, the metals 
rhanganese and chromium, when in combination with certain other 
substances, are appreciably magnetic. The metal bismuth is 
peculiar ; it is diamagnetic, that is to say, when placed in a magnetic 
field, bismuth produces a weakening effect on the field (see Chapter 
VII, § 45). 

The chief characteristic quantity which defines the magnetic 
quality of a substance is its saturation intensity of magnetisation 

or, alternatively, the saturation density 4:7zJ^. The saturation 
density is the limiting value of the magnetic density which the 
substance in the pure state can develop when all the atomic current 
rings are completely oriented (see Chapter II). 

The density 4^7iJ, corresponding to the intensity of magnetisation 
J, is usually termed the metallic magnetic density,” to distinguish 
it from the total induction density B. As already explained in § 8, 
Chapter I, the relationship between the two quantities is given by 

B - 4 . 71 J + H. 

For pure iron, the saturation value of the metallic density is 
about 21,600, so that 

4inJg = 21,600 lines per sq. cm., 
or 

J, = 1720. 

If an alloy is formed of iron and another substance, the saturation 
value of the metallic density will be less than the value for pure iron. 
If the alloy contains a;% of pure iron, the maximum value of the 
saturation density which the alloy can have is 


21.600 


Apparently, the only known exception to this rule is an alloy of 

72 
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iron and cobalt (FcjCo) the saturation density of which is about 10% 
greater than that of pure iron (see Fig. 44).* 


34. Iron, Steel, and Some Other Alloys of Iron 

In view of the supreme industrial importance of the magnetic 
properties of iron and steel, a brief note on the process of manu- 
facture and the distinguishing features of these substances may be 
useful. 

Perfectly pure iron is not ordinarily used in practice because its 
properties of rapid oxidation, etc., render it unsuitable. Even 
electrolytic iron is not absolutely pure in the chemical sense of the 
term. 

In the generally accepted meaning of the term, iron is an alloy 
of pure iron with a small percentage of other substances, viz., non- 
metallic elements such as carbon, sulphur, phosphorus, siheon, and 
metallic elements, amongst which manganese is always present, and 
occasionally nickel, chromium, tungsten, copper, etc. For example, 
the following shows the percentage of foreign substances present in 
an extremely pure form of industrial ingot iron known as “ Armco ” : 


Copper . 
Manganese 
Sulphur 
Oxygen . 

Carbon Monoxide 

Carbon . 

Nitrogen 

Phosphorus 

Carbon Dioxide 

Hydrogen 

Silicon 


0-040 per cent. 

0-025 „ „ 

0-025 „ „ 

0-015 „ „ 

0-015 „ „ 

0-010 „ „ 

0-004 ,, ,, 

0-004 ,, ,, 

Trace 


The percentage of carbon present in the iron is the determining 
factor with regard to its structure and application and forms the 
distinction between pig iron (cast iron) and wrought iron. Whilst 

* See also T. D. Yensen, The Electrician, October 15th, 1915. 
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molten iron only contains dissolved carbon in the form of carbides 
of iron, manganese, etc., the carbon in solid cold iron may be in an 
elementary form as an independent body (graphite) embedded in 
the iron, or it may be in the combined state as carbide of iron. 

When an iron alloy containing a comparatively low percentage 
of carbon (up to about 1*8%) is rapidly solidified, or quenched at a 
high temperature, the greater part of the carbon remains in the dis- 
solved state and its presence determines the hardness of the quenched 
iron. If the iron is solidified slowly and then allowed to cool slowly, 
the carbon becomes uniformly distributed throughout the mass in 
the free uncombined state. When the whole or the greater part of 
the carbon is combined with the iron, the freshly-broken fracture is 
white or light grey, whilst if an appreciable amount of uncombined 
carbon is present the fracture is a darker grey. 

Iron containing from 1-7% to 2-3% of carbon together with a 
moderate amount of the impurities previously mentioned, is not 
readily cast or forged. 

Two large groups of manufactured iron may be distinguished, 
viz., Pig, or Cast Iron, which is rich in carbon, and Wrought Iron, 
which contains little carbon. 

Pig Iron is produced by smelting iron ore with coke in the blast 
furnace. The ore mixture, consisting of the ore itself and limestone 
addition, is fed into the furnace through the cone inlet. The molten 
iron is run off through a sand channel into open moidds in the sand 
or into cast-iron moulds in which it cools into pigs. Alternatively, 
it may be run off into large pans lined with refractory material and 
carried in the molten state into the steel works. 

The process of changing pig iron into wrought iron consists in the 
removal of the carbon by means of oxygen. This refining or puddling 
process, however, not only removes the carbon, but also the man- 
ganese, phosphorus, and silicon, through oxidation. If the melting 
temperature is not attained during the process, the iron forms into 
small lumps which, when subsequently welded together, give wrought 
iron. If the temperature is greater than the melting temperature, 
the whole mass becomes molten and results in cast steel. 
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A comparatively high carbon content (more than about 2%) 
makes the pig iron hard, and pressing or drawing in the cold state 
is impossible. 

If pig iron is heated to its melting temperature, viz., about 
1100° C. to 1300° C., it changes suddenly from the solid to the 
liquid state without first becoming plastic and can then he cast into 
moulds. 
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10,000 


8,000 
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Cast iron showing a grey fracture through the presence of graphite 
(i.e., grey or soft cast iron) can be machined. If the cast iron has 
been quenched so that the fracture shows light grey either throughout 
or at the edges, it is known as hard cast iron. 

Owing to the ease with which cast iron can be made into intricate 
castings, it is used when practicable. Its magnetic qualities are 
much poorer than those of wrought iron or steel. 

Malleable (or tempered) cast iron is used when the structure is 
required to have much better mechanical properties than ordinary 
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cast iron and when the castings are too small or too difi&cult to justify 
the use of cast steel. Malleable cast iron is produced by subjecting 
thin and light castings of special composition and showing a light 
grey fracture to heat treatment in contact with oxidising agents 
{e.g., red haematite), and thus removing part of the carbon 
content. 
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Wrought Iron melts at about 1400° C. to 1500° C. and softens 
gradually before becoming fluid. When hot, and to a certain extent 
even when cold, wrought iron is easily worked and can be given any 
desired form through rolling, pressing, or forging. At the correct 
temperature it can also be welded. When heated above the melting 
point it can be cast, thus giving steel castings. 

Certain grades of wrought iron are commercially known as 
“ steel,” but no recognised criterion exists defining the difference 
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between steel and wrought iron. In general, it can be said that the 
grades which are rich in carbon and which can be hardened are 
termed sted, whilst the grades which are poor in carbon, up to about 
0’4%, and which cannot be hardened, are termed wrought iron or 
simply iron. 



In Figs. 41 and 42 are shown the B : H curves for the following 
materials, viz. ; 

(i) Annealed electrolytic iron. 

(ii) A series of annealed carbon steels with carbon content 
varying from 0*086% to 0*99%. 

The'^curve referring to steel with 0*085% carbon is the usual 
quality for the core plates for dynamo machinery. 

The steel with 0*23% carbon is the quality which would be used 
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for the cast steel parts of the magnetic circuit of a dynamo machine, 
e.g., for the poles and yoke. 

In Fig. 41, the values of the induction B are shown for a range of 
value of H from 0 to 20 gauss. 

In Fig. 42, the same series oiB: H curves are continued to higher 

values of H, 

je.ooo 1 lower 

2 2 nnn the lower scale 
of H and give 
the values for a 
range of H from 
10 to 200. The 
upper group of 
curves in Fig. 
42 refer to the 
upper scale for 
H, viz., from H 
= 200 to H = 
2000 gauss. 


2POO 


2U{KX> 


20.000 


JhOOD 


18000 


laooo 


16.000 


14.000 


14000 


12.000 


12.000 


10,000 


10.000 


8000 


aooo 


aooo 


4000 


aooo 


interest to note 
that for electro- 
lytic iron when 
H — 2000 gauss, 
the induction 

density is jB = 23,600. At this density, the iron will be saturated 
and hence the value of the “ metalhc ” saturation density is 

B — H = 21,600 lines per sq. cm., 
so that the intensity of magnetisation at saturation J, is given by 

4.7tJ, = 21,600 
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In Fig. 43, are shown the B : H curves for unannealed cast iron 
and for annealed cast iron, respectively, for a range of value of H 
from 0 to 200 gauss. 

In Fig. 44, the B : H curve for annealed cast iron is shown 
for values of H from 100 to 2000 gauss (^.e., for the upper scale 
for H). 

In Fig. 54 (page 87), the permeability of cast iron is shown as 
a function of the induction B. 

In Fig. 44 is shown the B : H curve for the iron-cobalt alloy 
FcjCo, which shows the extraordinary result that the saturation 
intensity of magnetisation for this alloy is considerably more than 
the value for pure iron. Thus, assuming that the alloy is saturated 
when H = 2000 and B — 25,600, it follows that the “ metallic ” 
saturation density is 23,600 lines per sq. cm., that is, 

47iJ, - 23,600 
or 

J, = 1880, 

as compared with the value J, ~ 1720 for pure iron. 

Special Alloyed Silicon Steel . — For electrical engineering purposes, 
a steel alloyed with silicon has come into extended use. The effect of 
adding a small percentage of silicon to commercially pure iron is to 
greatly increase its specific electrical resistance and also to increase 
its permeabihty over a wide range of induction densities {i.e., about 
up to values of J5 = 13,000), and to reduce the hysteresis loss (see 
Chapter I, § 15). 

A well-known type of siMcon steel invented by Sir R. A. Hadfield 
is the brand known as “ stalloy,” a typical composition of which is 
as follows : 


Iron 

Silicon 

Manganese 

Sulphur 

Carbon . 

Phosphorus 


96’20 per cent. 

3"40 ,, „ 

0-32 „ „ 

0-04 „ „ 

0-03 „ „ 

001 „ 
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The B : H curve for “ staUoy ” is given in Fig. 45 and the : B 
curve is given in Fig. 46. 

One disadvantage of silicon sheet steel is that it is hard and brittle 
and trouble has been experienced due to cracking when bent. By 
reducing the percentage of silicon, this trouble may be reduced, 
although the characteristic magnetic properties of the silicon steel 
are thereby depreciated. 


H.— ^ 



Pio. 45. 


Steels Used for Permanent Magnets . — In Chapters II and III, 
reference has been made to the metallurgical and other properties 
of the various types of steels used for permanent magnets. In 
Fig. 47 are shown the magnetisation curves for the following repre- 
sentative steels of this type, viz. : 

(i) Tungsten Magnet Steel. 

(ii) Hadfield’s “ Permanite ”. 

(iii) K. S. Magnet Steel (i.e., Japanese Cobalt Steel). 
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(iv) Cobalt Chromium Magnet Steel (see also Fig. 108, 
Chapter XII). 

P ermalloy . — Permalloy * is the name given to a series of alloys 
of nickel and iron containing from 45% to 80% of nickel. These 
alloys all possess high permeability for low fields and reach saturation 


I 9i000 
^'^ 8.000 





submarine 
necessary 
worked at 


with magnetising 
I j j I j 1 forces less than 10 

gauss. The 81% 

[ — nickel permalloy 

reaches saturation at 

4 gauss, when its 
intensity of magnet- 
isation is a little more 

than 800, and at 1 

gauss the intensity of 

magnetisation is 700^ 
Tlie hysteresis loss 
per c.c. per cycle at 

— an induction of 8300 

is only 350 ergs, and 

the hysteresis loss is 
only half that amount 
for the permalloy 

having 78-5% nickel. 

So far, the most 

important commor- 
4000 8000 ^ i 2 ,ow iftooo 20000 cial application of 

Fio.46. this alloy has been 

for the “loading” of 
telegraph cables, that is, for the purpose of providing the 
distributed induetance which permits the cable to be 
a high speed of signalling without distortion of the signals. 



* See H. D. Arnold and G. W. Elmen, Journal of the Franklin Institute, 1923. 
Also E.T.Z., October 22, 1923; 0. E. Buckley and L. W. McKeehan, Physical 
Review, August 1925. 
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(The alloy used for this purpose consists of 78*5% nickel and 
21 -5% iron'^ These materials are of the purest commercial quality 
obtainable. For example, a sample of this alloy which was made 
from “ Armco ” iron, referred to above, and nickel of the proportions 
specified, was found on analysis to have the following approximate 
average conjposition,* viz. : 



22.000 


22.000 




20.000 


10.000 pQ, 


aooo 


Nickel . 
Iron 

Cobalt . 
Manganese 
Copper . 
Carbon . 


78*23 per cent. 

21*35 „ „ 

0*37 „ „ 

0*22 „ „ 

010 „ „ 

0*04 ,, ,,. 


♦ See E.T.Z., lac. cil. 



SOME CHARACTERISTICS OF MAGNETIC SUBSTANCES 83 


Silicon .... 0*03 per cent. 

Sulphur .... 0-035 „ „ 

Phosphorus .... trace. 



The small quantities of impurities specified in the above analysis 
are not serious in their effect on the magnetic properties. Variations 
in the heat treatment are more serious than the effect of these 
impm-ities. 



In Fig. 48 is shown the B : H curve for permalloy for values of 
H from 0 to 1-0 gauss, and for purposes of comparison the B : H 

curve is also given for the very pure form of commercial iron known 
as “ Armco.” 
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In Figs. 49 and 50 are shown the values of the permeability as a 

function of the magnet- 
ising force H forperm- 
aUoy and “ Armco ” 
iron, respectively. In 
Fig. 51 the permeability 
curves for permalloy and 
“ Armco,” respectively, 
are plotted as a function 
- ao. 0 02 ooa^c^Ms ooe 0^7 of the induction .B. 

Fig. 60 . Inspection of Fig. 49 

brings out the character- 
istic property of permalloy, viz., its high permeability for low values 

of the magnetising force. 



loaooo 

90.000 

eaooo 



10,000 



B. — ^ 


‘^t is seen that the per- 
meability reaches a 
maximum value of 
90,000 when the value 
of the magnetising force 
H is about 0-06 gauss. 
That is to say, the 
maximum value of the 
permeability for perm- 
alloy is about 300 times 
as large as the perme- 
ability of pure iron for 
the very low values of H 
which are met with in 
telegraph cable work^ 
In Fig. 52 is shown 
a curve giving the effect 
of the percentage com- 


Fig. 51 . 


position of an alloy of 


nickel and iron on the 


initial value of the permeability, that is, for = 0. The abscissae 
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in Fig. 52 show the percentage of nickel in the alloy, the percentage 
of iron being, of course, given by subtracting the percentage of 
nickel from 100. Inspection of Fig. 52 shows that the curve rises 
very steeply and reaches a maximum when the composition of the 
alloy is 78-5% nickel and 21-5% iron. 

In Fig. 53 is shown a hysteresis loop for permalloy for the value 
of the induction density = 5000, and also in the same Fig. 53 



is given a hysteresis loop for pure iron {i.e., “ Armco ” iron) for the 
same value of the induction density ~ 5000. 

)^The area of the hysteresis loop for permalloy is only about one- 
sixteenth the area of the hysteresis loop for pure ironj 

Tests have shown that, provided the limits of elasticity are not 
exceeded, mechanical treatment has no particular effect on the 
magnetic properties. Otherwise, mechanical treatment can seriously 
affect the value of the permeability for low values of the magnetising 
force H. 

Temperature variations below 300° C. have little influence on the 
ultimate magnetic properties. However, the rate of cooling above 
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this temperature is of importance. The most favourable heat 
treatment has been found to be heating up to 900° C. and main- 
taining at this temperature for an hour and, having taken precautions 
against oxidation, cooling slowly, heating again to 600° C., quickly 
removing from the furnace and placing on a copper plate and then 
allowing the alloy to cool down to the room temperature. 



For further reference to permalloy, and a suggested explanation 
of its phenomenal characteristics, see Chapter VI, § 41. 

Cobalt . — In Figs. 43 and 44 are given the magnetisation curves 
for cobalt. It wiU be seen that the magnetisation curve for this 
metal approximates to that of cast iron which is also given in the 
same figures. In Fig. 54, the permeabihty of cobalt is shown as 
a function of the induction B. Cobalt does not lose its magnetic 
properties until heated to about 1000° C., so that for temperatures 
between about 800° C. and 1000° C. cobalt is the only known 
substance which is magnetic. 
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The remarkable effect of alloying cobalt with iron has already 
been referred to, the B : H curve for an iron-cobalt alloy, FcjCo, 
being shown in Fig. 44. 

Nickel . — The B : H curve for nickel is shown in Figs. 55 and 44, 
and the permeability curve is given in Fig. 54. Nickel ceases to be 
magnetic at a temperature below red heat, viz., at about 360° C. 

A nickel-steel containing 25% nickel may be non-magnetic or 
magnetic, according to whether the steel has reached the room 
temperature by cooling down from a red heat or by being heated up 
from about — 50° C. 

This effect is shown 
in Chapter III, Fig. 

39. 

Manganese, — In 
so far as is known, 
pure manganese is 
practically non-mag- 
netic. Numerous 
alloys of manganese, 
however, are known 
which have curious 
properties. For ex- 
ample, if iron is al- 
loyed with about 10% to 15% manganese, the resultant alloy is 
practically non-magnetic, the maximum permeability being only 
about 1‘2 (see Fig. 56). In order to show this effect as clearly as 
possible, the ordinates in Fig. 56 are the values of the “ metallic ” 
magnetic density 4.t/.* 

There are alloys of manganese with other non-magnetic metals, 
such alloys being appreciably magnetic. The best known of these 
ire the Heusler alloys which were discovered by Heusler in 1903. 
These alloys are composed of manganese, aluminium and copper, 
UMnCua. The B : H curve for one such alloy is shown in Fig. 55. It 
las been observed that the rate at which the alloy is cooled down 

* See Hadfield and Hopkinson, Journal I.E.E., 1911, Vol. XLVI, p. 235. 
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from the molten state has a great effect on the magnetic properties. 
Thus if the rate of cooling is slow, the alloy is not highly magnetic. 
If, however, the molten metal is dropped into water the magnetic 
properties become most pronounced. 




6.000 


3,000 02J 


2.000 


2,000 


Flo. 63. 

Manganese forms magnetic compounds with many other non- 
magnetic elements. The following is a list of a number of 


2,000 


10.000 12.000 


6,000 


&000 


Fig. 66. 

such manganese magnetic compounds: manganese and antimony; 
manganese and arsenic; manganese and bismuth; manganese and 
boron ; manganese and phosphorus ; manganese and tin. 

From the values of the saturation density of manganese alloys it 
would appear that the “ metallic ” saturation density of pure man- 
ganese is about 30,000. This is the value as deduced from the 
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reluctivity relationship in Chapter V. If this is the true saturation 
density of manganese, it would mean that this metal is the most 
highly magnetic substance known. 

Chromium . — This metal, when in the pure state, is, so far as is 
known, non-magnetic. There is no known magnetic alloy of 
chromium and any other non-magnetic metal. Two oxides of 
chromium are known, however, which are appreciably magnetic. 
One of these magnetic oxides is obtained when chromium trioxide 
is heated. 

Chromium is the characteristic ingredient of “ stainless steel,” 
the amount used being from 12% to 14%. 

In the following table are given some of the leading characteristic 
constants of a number of magnetic materials. 

Table. 


Substance. 

“ Metallic ” 
Saturation 
Density.* 

Saturation 

Intensity 

of 

Magnetisa- 
tion J,,. 

Demagnet- 

isation 

Temperature. 

Atomic 

Weight. 

Hysteresis 
Constant t;. 
Average 
Values. 

Pure Iron .... 

21,600 

1,720 

765° C. 

55-84 


Swedish Wrought Iron . 

21,250 

1,700 



0-002 

Average Sheet Stee], 






Annealed .... 

20,200 

1,610 



0001 

Average Soft Steel 






Castings .... 

20,200 

1,610 



0-010 

Special Tungsten Steel . 

20,300 

1,620 




Average Cast Iron . 

15,000 

1,200 



0016 

Cobalt-Iron, FcaCo 

22,500 

1,790 

520" C. 



Cobalt 

12,200 

970 

1,075° C. 

58-97 

0-010 

Nickel 

6,500 

520 

About 

58-68 

0-020 




300° C. 



Manganese .... 

28,000 to 

2,300 


54-93 



30,000 






(as deduced 






from Mn 






alloys) 





Magnetite, Fe 304 

4,700 

370 

550° C. 


0-020 

Heusler Alloy, 






MnAlCug .... 

7,000 

5,500 

300° C. 


0-020 


(highest 






value) 





Manganese-Antimony 






Compound 

7,000 

5,500 

300° C. 



Monel Metal 

2,200 

170 



0-040 


♦ For definition of “ metallic ” density see page 94, also Chapter V, § 39. 



90 


APPLIED MAGNETISM 


35. Magnetic Viscosity 

If annealed wrought iron is subjected to a magnetising force and 
if any change in the force occurs, some time will elapse before the 
corresponding change in the intensity of magnetisation is complete. 
This effect is termed “ magnetic viscosity ” and is particularly 
prominent when very small magnetic forces or very small changes 
of the magnetic force are involved. The time-lag of the intensity 
of magnetisation on the change of magnetising force may be so great 

that the ballistic galvanometer 
method of testing (see Chapters 
IX and X) becomes no longer 
satisfactory. The magnetometer 
method, however, is especially 
suitable for detecting and 
measuring these effects (see 
Chapter XIII). 

In Fig. 57, which is taken 
from Ewing’s book on “ Magnetic 
Induction in Iron and Other 
Metals,” is shown the relation- 
ship between the magnetising 
‘ force H and the corresponding 
intensity of magnetisation J for 
the following conditions, viz. : 

(i) When the value of J is measured immediately after 
the application of the magnetising force //. 

(ii) When the value of J is measured 5 seconds after the 
application of the magnetising force H. 

(iii) When the value of J is measured 1 minute after the 
application of the magnetising force H. 

The measurement of J was made by means of the magnetometer. 

In Fig. 58, which is also taken from Ewing’s book, this pheno- 
menon is represented in a somewhat different manner and shows 
how the magnitude of J creeps up with the time for the two cases in 
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which a steady magnetising force of 0*035 gauss and 0*081 gauss, 
respectively, was applied. 

Further reference to this phenomenon of “ magnetic viscosity ” 
is made in Chapter V, § 40. 


The maximum value of the 


36. Non-magnetic Cast Iron 

Recently, Messrs. Ferranti have introduced a quality of cast iron 
which is practically non-magnetic. 
permeabihty of this material is 
stated to be 1*03, and it is specially 
suitable for parts of electrical 
machinery and apparatus such as the 
end-plates and shields for generators 
and motors, transformer covers, cable 
boxes, etc., as it can be used without 
the risk of developing such heavy 
eddy currents as would be induced 
if the metal were magnetic. This 
quality of cast iron can be supplied 
much more cheaply than other non- 
magnetic metals such as brass and 
aluminium. 

Another characteristic feature of 
this material which is of great practical value is the remarkably high 
value of the specific resistance, viz., 140 microhms per cm. cube. 
This property renders it useful for resistance grids for motor con- 
trollers and other apparatus for which high-resistance units in a 
compact form are necessary. 



37. Measurement of Field Strength by Means of a Bismuth 

Spiral 

If a bismuth wire is placed in a strong magnetic field which is 
directed at right angles to the length of the wire, the resistance of the 
bismuth is found to be increased, and the amount of the increase is, 
for a wide range of values, closely proportional to the strength of the 
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field. This phenomenon, which is an example of the “ Hall Effect,” 
is sometimes made use of as a means of measuring the strength of a 
magnetic field. Messrs. Hartmann and Braun make an arrangement 
for this purpose in which pure bismuth wire about 1 mm. thick is 
wound in the form of a flat spiral protected by mica shields. This 



spiral can be placed, 
for example, in the 
air gap of a dynamo 
and by noting the 
corresponding change 
in resistance of the 
spiral the distribution 
of the flux density in 
the air-gap may be 
determined. 

In Eig. 59 is shown 
the relationship be- 
tween the strength H 
of the magnetic field 
and the corresponding 
R 

value of the ratio 

XIq 

where Ea is the resist- 
ance of the bismuth 


spiral when placed in 

a transverse magnetic field of strength H gauss, and is the 
resistance of the spiral when the field strength is zero. 

It is important to note that in using this method for measuring 
field strengths the temperature of the spiral must not vary appreciably 
during the test, otherwise the change of resistance of the bismuth 
due to a change in temperature wiU obscure the results. 

The specific resistance of bismuth is 119 microhms per cm. cube 
at 18° C. and 160’3 microhms per cm. cube at 100° C. 



CHAPTER V 

THE RELUCTIVITY RELATIONSHIP: THE FROHLICH- 

KENNELLY EQUATION 


38. The Frdhlich Relationship 

In the year 1882, Frohlich stated the following relationship, viz. : 
The ‘permeability is proportional to the magnetisability. 

This may be expressed in symbols as 

fi = a{B, - B) 

where B is the magnetic induction 

Bg „ ,, saturation value of the magnetic induction, 

y „ ,, the permeability, 

a „ a constant. 

The quantity (B^ — B) is therefore the possible increase of 
induction beyond the existing induction. 

Now writing 

B 


gives 


B=B, 



B 

Ha 


or 


that is, 




jg ^ B,Ha 


H 


1 + Ha 1 

B,a ^ B, 


B = 


H 


«' + a'H 


where a' and a' are constant, viz. : 



B/i a 
93 


a 
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39. The FrOhlich-Kennelly Relationship 

In the year 1893, Kennelly re-stated Frohlich’s relationship in 
another and more convenient form as follows : 

Writing 

/ _ 1 ^ 

P ''ti * 

' H B 

Frohlich’s equation becomes 

^ = a' + o'H 


or 

p' = a' -I- o'H, 

where p' is the reciprocal of the permeabihty and is termed the 
“ reluctivity.” 

For small values of H the product 

oH = 

is small (see the example given below), and the reluctivity is chiefly 
determined by the quantity «, which therefore determines the initial 
rate of rise of the magnetisation curve. 

The quantity a is termed the “ coefficient of magnetic hardness.” 

The quantity o = ^ is termed the “ saturation coefficient.” 

For high values of H, the quantity 4^1 J = B’ = B — H tends 
towards a definite saturation value and the quantity B', which is 
the flux density due to the inherent magnetisation of the substance, 
is called the “ metallic magnetic density." 

Hence, writing 



a -f- aH, 


experimental data go to show that, except at very low densities, 
the Kennelly reluctivity equation holds for pure magnetic materials, 
e.g., iron, nickel, cobalt, that is to say, the coefficients a and a are 
strictly constant. 

For impure magnetic materials such as steel, cast iron, etc., the 
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Kennelly relationship is not given by a single straight line for the 
whole range, but by one straight line for the lower range of induction 
values, and another straight line for the higher range of induction 
values. Sometimes there is a third straight line for the highest 
values of magnetic induction. 

O 0020 . i LLi i i n m i 
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00006 


0-0004 


0-0002 


In Figs. 60 and 61 is shown the reluctivity relationship for 
annealed electrol 3 d;ic iron for which the magnetisation curve is 
given in Chapter IV (Figs. 41 and 42). The relationship is repre- 
sented by two distinct straight lines which intersect at the point 
a, (Fig. 61). One of these straight lines is defined by the equation 

P = 0-00005 + 0-000059H 

and it will be seen that this equation holds for values of H from 
2 to 75 gauss. 
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The coefficient of magnetic hardness for this range of values of 
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For the higher values of H, viz., from 75 to 2000 gauss, the 
equation of the reluctivity straight line is 

P - 0-0009 + 0-000045^ 

The coefficient of magnetic hardness is 

a = 0-0009, 

and the saturation coefficient is 

a = 0-000045 

The value of the metallic saturation induction is therefore 


22,100 lines per sq. cm 


0-000045 
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In Figs. 60 and 61 are also given the reluctivity relationship for 
annealed carbon steel having respectively 0’23%, 0'69%, and 0’99% 
carbon content. 

In Fig. 61 the reluctivity relationships for the steels having 
0*23% and 0'99% carbon, respectively, are also shown for the higher 
ranges of H up to 2000 gauss. 

For example, the reluctivity for annealed carbon steel having 
0*23% carbon is given by two separate straight lines, which inter- 
sect at the point (Fig. 61). For the lower values of H, viz., from 
5 to 75 gauss, the equation of the straight line is 

p = 0-00025 + 0-000059/f 

The coefficient of magnetic hardness for this range is 

a = 0-00025, 

and the saturation coefficient is 

a = 0-000059 

For values of H from 75 to 2000 gauss, the reluctivity is given 
by the straight line 

p = 0-0009 + 0-00005£r, 

the coefficient of magnetic hardness for this range being 

a = 0-0009, 

and the saturation coefficient 

a = 0-00005 

The metallic saturation induction for this steel is therefore 

i = 20,000 lines per sq. cm. 

In Fig. 62 is shown the reluctivity relationship for cobalt as 
deduced from the magnetisation curve given in Figs. 43 and 44. 
Two distinct straight lines are again required to express the reluctivity 
for the whole range of H. For the lower values of H, viz., from 
30 to 58 gauss, the equation of the straight line is 

P = 0-0038 + 0-000094£f. 


7 
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The coefficient of magnetic hardness for this range of H is therefore 

« = 0-0038, 

and the saturation coefficient 

a = 0-000094 

H— * 

so 100 ISO 200 



Fia. 62. 

For the higher range of H, viz,, from 60 to 200 gauss, the straight 
line is represented by the equation 

P = 0-0046 + 0-000083Zf, 
the coeffieient of magnetie hardness being 

a = 0-0046, 

and the'saturation coefficient 


a = 0-000083 
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The saturation value of the metallic induction density is 

0-0^ = P*" 

In Fig. 62 are also shown the reluctivity relationships for nickel 
and the Heusler alloy as deduced from the respective magnetisation 
curves given in Chapter IV, Figs. 44 and 55. 

40. General Remarks on 
the Reluctivity Straight Line 

A pecuiiar feature of the 
reluctivity relationship is the 
upward bend of the reluc- 
tivity p for low values of H. 

This appears to exist for all 
materials and the full signifi- 
cance of it has not yet been 
satisfactorily explained. 

It is of interest, however, 
to reconstruct the B : H curve 
for the low values of H on 
the assumption that the 
reluctivity straight-line equa- 
tion holds for these low values of H also. In Fig. 63 the full-line 
curve shows a portion of the magnetisation curve for annealed 
carbon steel (0-23% C), the reluctivity relationship for which is 
shown in Fig. 60. The dotted curve in Fig. 63 shows the magnetisa- 
tion curve that would be obtained if the straight-line portion of the 
reluctivity relationship given in Fig. 60 were to be produced as a 
straight line to cut the ordinate axis, that is to say, assuming there 
were no bend in the reluctivity line of Fig. 60. 

There is an interesting fact which should be noted in connection 
with the curves given in Fig. 63. If the B : H curve is taken by 
the method of reversals and also by the “step-by-step” method 
(see Chapter X), the “ step-by-step ” method gives a, B : H curve 
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which will he above that obtained by the method of reversals. The 
latter curve {i.e., the lower curve) is not stable, and if a given value 
of H is maintained for some time, the value of B will gradually creep 
up towards the value given by the “ step-by-step ” method for that 
value of H. It thus appears that the magnetisation curve as obtained 
by the “ step-by-step ” method gives a reluctivity relationship which 
is more nearly a straight line for the low values of H than would 
be the case if the magnetisation curve were taken by the method 
of reversals. 

There is yet another peculiarity to observe in connection with 
these phenomena, viz., if, whilst the B : H curve is being taken, 
the material is being continually passed through a cyclic magnetic 
change, say, by means of an alternating current producing a magnetic 
flux at right angles to the ballistic test flux, the B : H curve so 
obtained tends towards the value shown by the dotted curve in 
Fig. 63. Since, however, the alternating-current magnetic flux cycle 
is at right angles to the path of the ballistic test flux, there will 
be no cutting of the search coil by the alternating-current flux. 
The effect of the alternating-current magnetic flux is to maintain 
the molecules of the iron in a state of continual disturbance. 

When the material is a mixture of a magnetically soft substance 
and a non-magnetic hard substance, then at low values of H the 
soft substance will carry most of the flux and the density rises 
rapidly, giving a low value for a, but an apparently low value 
for the saturation coefficient 8. At higher values of H the harder 
material carries more flux and the increase of the flux in the soft 
material is less owing to its approach to the saturation value. The 
saturation value of the substance thus increases and the hardness is 
greater. The changes in the reluctivity have been artificially pro- 
duced by J. D. Ball, who has combined, by superposition, two 
different materials which separately gave straight-line reluctivity 
relationships, but in combination showed the characteristic breaks 
in the straight line. 



CHAPTER VI 


IMAGNETO-STRICTION : EFFECT OF MECHANICAL 
STRESS ON MAGNETISATION 

The subject of the interdependence of mechanical stress and 
magnetic characteristics is one of very great interest and importance. 
In the present chapter it is only possible to refer to some of the 



leading facts and to emphasise the importance of further research in 
this direction. For further detailed and extended information, the 
reader is referred to Ewing’s treatise.* 

41. Effect of the Magnetisation of a Bar on its Length 
(Magneto-striction) 

Joule appears to have been the first to observe that a bar of iron 
changes its length when magnetised. Bidwell f carried out a large 
number of exact researches on this subject and some of his results are 

* J. A. Ewing, “ Magnetic Induction in Iron and Other Metals.” 
t See Shelford Bidwell, Proc. Roy. Soc., Vol. XL, 1886 : Vol. XLVII, 1890. 
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given in Figs. 64, 65 and 66. In Fig. 64, the results are given for 
iron, cobalt, nickel and bismuth, respectively, the range of the 
magnetising force being from 0 to 800 gauss. In Fig. 65, the curves 
are given for values of H up to 1400 gauss. In Fig. 66 is shown 
the effect of magnetisation on the length of a bar of iron when the 
iron is subjected to mechanical loading. 

i. Iron '. — Referring to Fig. 64, it will be seen that for values of 
the magnetising force H between 0 and about 270 gauss the effect 



H. Gauss 


Fig. 06 . 


of magnetising the rod is to increase its length. The maximum lengthen- 
ing effect occurs when the magnetising force is about 80 gauss and the 
maximum amount of lengthening is about 2-5 parts in a million. 
If the magnetising force is increased to about 270 gauss, there is 
neither lengthening nor shortening of the rod. For values of the 
magnetising force greater than about 270 gauss the effect of mag- 
netising the rod is to shorten it. 

In Fig. 65 is shown the effect of increasing the magnetising 
force up to about 1400 gaxiss, and it will be observed that the 
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maximum amount of shortening of the rod becomes 6*5 parts in a 
million. 

In Fig. 66 is shown the effect of magnetising a soft annealed 
iron wire when the wire is simultaneously subjected to a tensile 
stress. The change in length of the wire is shown as a function of 
the magnetising force. Each of the curves shown refers to a different 
value of the tensile stress, the respective values of the tensile stress 

I 



being stated below in kgins. per sq. cm. and, for convenience, the 
equivalent stresses in lbs. per sq. in. are also stated. 


Sti’ess in kgrns. 
per sq. cm. 

Stress ill lb. 
per sq. in. 

351 

4,960 

585 

8,300 

819 

11,600 

1,170 

16,500 

1,600 

22,600 

1,950 

27,600 
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ii. Cobalt . — The effect on the length of a rod of cobalt due to 
magnetisation is greatly different from that of an iron rod. Refer- 
ring to Fig. 64, it appears that for values of H between 0 and about 
50 gauss, the rod very slightly increases in length when magnetised. 
When magnetised by stronger fields, the rod shortens and for mag- 
netising forces in the neighbourhood of 400 gauss the amount of 
shortening, becomes a maximum, being then about 5 parts in a 
million. For stronger fields (see Fig. 65), the amount of shortening 
decreases until when H is equal to about 750 gauss the change in 
length of the rod is zero. For magnetising forces greater than 750 
gauss a rod of cobalt increases in length when magnetised. 

iii. Nickel . — This metal behaves in a manner different from 
either iron or cobalt. As seen in Figs. 64 and 65, magnetising a 
nickel rod causes it to decrease in length for all values of the mag- 
netising force. It is further to be noted that the actual magnitude 
of the change in length of a nickel rod due to magnetisation is very 
much greater than for either iron or steel, reaching as much as 
nearly 25 parts in a million. 

iv. Bismuth . — The change in length of a rod of bismuth when 
magnetised is extremely small, the results obtained by Bidwell being 
shown in Fig. 64. 

The phenomenon of change of length of a rod when magnetised is 
termed “ magneto-striction.” 

In a recent paper,* L. W. McKeehan gives an interesting explana- 
tion of the remarkably high permeability of “ permalloy ” (see 
Chapter IV, § 34, Fig. 49), based on magneto-striction effects. 

It is suggested that in every fcrro-magnetic substance the 
process of magnetisation consists of two parts, viz., (i), changes 
which occur wholly within the single atoms, such changes being 
termed intra-aXoraxc changes, and (ii) changes which involve 
more than one atom and therefore may be termed mfer-atomic 
changes. 

The intra-atomic changes are assumed to be governed by quantum 

* See L. W. McKeehan, Physical Review, Second Series, Vol. XXVI, No. 2, August 
1925. 
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dynamics and the principal changes in the magnetic moment of 
any individual atom are to be considered as being abrupt. The 
abrupt change in the magnetic moment of an atom is accompanied 
by a change in that atom which is independent of the environment 
in which it is placed. This change affects the forces which the 
atom exerts on its neighbours so that the body of which it is a part 
tends to change its dimensions. The nature of the ehange in the 
forces which takes place may be inferred from the change in the 
over-aU dimensions of bodies of measurable size and which consist 
wholly of atoms of the kind considered. The atomic change which 
must occur to explain the total magneto-striction of a body is 
termed atomic magneto-striction. 

Another assumption is that magnetic hardness and hysteresis 
are due primarily to inter-atomic stresses set up by atomic magneto- 
striction and therefore are dependent, not only on the type of atom 
which is magnetised, but also on the mechanical properties of the 
particular piece of metal of which it forms a part. In magnetically 
hard materials, the changes involved in atomic magneto-striction 
meet great resistance and require large amounts of energy to be 
supplied to the atoms through the application of strong magnetic 
fields. In magnetically soft materials, the same changes meet 
with little resistance and can be produced, therefore, by means of 
weaker magnetic fields. 

As already explained, permalloy as used in practice is composed 
of 78-5% nickel and 21-5% iron, and it has been found by McKeehan 
that the magneto-striction effect of a nickel-iron alloy changes sign 
when the percentage of nickel is about 81. 

Now nickel shortens when longitudinally magnetised, and for 
small values of the magnetising force iron lengthens. It is therefore 
to be expected that in these alloys local stresses which may be set 
up by the magnetisation of a nickel atom will be partly relieved by 
the magnetisation of an adjacent iron atom, and conversely. Mag- 
netisation of a properly proportioned alloy of this type should 
become magnetised to saturation by a weak magnetising field. The 
proper proportion of nickel and iron should be such that the magneto- 
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striction of the resulting alloy should vanish. Hysteresis in this 
alloy will be small, because there is simultaneous magnetisation of 
small groups of nickel and iron atoms in such proportion that the 
changes in the forces exerted by the group upon its neighbours is 
a minimum. The remanence wiU be high, because no considerable 
unrelieved strains wiU ever exist during the process of magnetisation. 
Since the interatomic forces will be but little modified during the 
entire process of magnetisation, the effect of crystalline structure 
in such an alloy should be unimportant, and this is actually found 
to be the case. 

Permalloy has been tested in the form of wires O-l cm. in 
diameter and 60 cms. long in a solenoid nearly as long, by reversal 
of the field and measurement of the induction through a search coil 
wound over the middle of each wire and in series with a ballistic 
galvanometer. When these wires are subjected to tension, satura- 
tion is reached within 5% for fields so low as 0-1 gauss and the 
hysteresis loss per c.c. per cycle reduced to 80 ergs. 

42. Effect of Mechanical Stress on the Magnetisation of Iron 

It was discovered by Matteucci that if a bar of magnetised iron 
is stretched, its magnetisation is thereby increased. This effect 
was further investigated by Villari, who found that Matteucci’s 
result only holds if the bar is weakly magnetised. If the bar is 
strongly magnetised, the effect of stretching is to decrease the 
magnetisation. In other words, there is a certain critical value 
for the magnetising force such that stretching the bar has no effect 
on its magnetisation. If the magnetising force is below this critical 
value, stretching the bar increases the magnetisation. If the mag- 
netising force is above this critical value, stretching the bar decreases 
the magnetisation. 

Stretching a bar of magnetised iron thus affects the magnetisation 
and the effect reverses in direction as the magnetising force passes 
through the critical value. This reversal phenomenon is known as 
the “ Villari Reversal.” 

The effect of mechanical strain on the magnetisation is reciprocal 
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to the effect of magnetisation on the length of a bar of iron as referred 
to in §41. Thus: 


Effect of Magnetisation 
on the Length. 


A weakly magnetised bar of iron becomes 
increased in length duo to the magnetisa- 
tion. 


A stronglj^ magnetised bar of iron de- 
creases in length due to magnetisation. 

These effects 
are further illus- 
trated in Fig. 67. 

Two magnetisa- 
tion curves are 
shown for a steel 
wire rope, viz., (i) 
for the case in 
which the rope is 
unloaded, (ii) for 
the case in which 
the rope is sub- 
jected to a tensile 
stress of 51,000 lb. 
per sq. in. It will 
be observed that 
for values of the 
magnetising force below about H — G5 gauss the loaded rope has a 
much higher permeability than the unloaded rope. For values of 
the magnetising force greater than about 65 gauss, the permeability 
of the loaded rope is less than that of the unloaded rope. 

In Fig. 68, the /x : B curves are shown for the loaded and the 
unloaded rope, respectively, and have been deduced from the mag- 
netisation curves of Fig. 67. It wiU be seen, for example, that for 



Effect of Mechanical Strain 
on the Magnetisation. 


Stretching a weakly magnetised bar of 
iron increases its magnetisation. 


Stretching a strongly magnetised bar 
of iron decreases its magnetisation. 
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an induction of about 10,000 lines per sq. cm., loading the rope 
to a stress of 51,000 lb. per sq. in. has the effect of increasing the 
permeability by as much as 50%. 

The effect of loading is still further illustrated in Fig. 69, in 
which is shown as a function of H the increase or decrease of induction 
density AB due to the loading for two values of the tensile stress, 
viz., 51,000 lb. per sq. in., and 127,000 lb. per sq. in. 



It will be seen that, for the particular load of 51,000 lb. per sq. 
in., the critical value of H is about 65 gauss, in the neighbourhood of 
which magnetising force the Villari reversal takes place. If H is 
less than about 65 gauss, a tensile stress of 51,000 lb. per sq. in. on 
the rope increases the magnetisation, and if H is greater than about 
65 gauss, the specified tensile stress causes a diminution in the 
magnetisation. When the same rope is loaded so that the tensile 
stress is 127,500 lb. per sq. in., the critical value of H, in the neigh- 
bourhood of which the Villari reversal takes place, is about 35 gauss. 

In Fig. 70, the effects are shown in still another form, viz., the 
increase or diminution of the induction density dP is shown as a 
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function of the tensile stress for a series of values of the magnetising 
force H. Thus for the Villari reversal to occur at a value of about 


H = 20 gauss, a ten- 
sile stress of about 

135.000 lb. per sq. in. 
will be necessary. If 
the Villari reversal is 
to occur at the higher 
value of H = 15 
gauss, the tensile 
stress would have to 
be reduced to about 

40.000 lb. per sq. in.* 
(see also. Chapter 
XVI, § 85). 



43, Effect of Torsion on the Magnetisation of a Wire 


The first recorded results of the relationship between torsion 
and the magnetisation of an iron wire are those of G. Wiedemann. 
Suppose that an 


iron wire is carrying 
an electric current 
which flows in the 
direction of its length. 
This current will pro- 
duce a magnetic force 
in a direction which is 
perpendicular to the 
axis of the wire. That 
is to say, the lines of 
magnetic force are 



FiO. 70. 


circles in planes per- 
pendicular to the axis, there is thus no magnetisation produced in 
the wire in the direction of its length. Wiedemann found, however. 


* See R. L. Sanford, Electrical World, August 15th, 1925, p. 309. 
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that if the wire were twisted whilst the current is flowing, the wire 
becomes magnetised in the direction of its length. This result can 
be explained in the light of the results already given in § 42. 

Suppose, for example, that Fig. 71 shows a 
(■ portion of an iron wire vertically suspended and 

that a current is passed down the wire. Consider a 
small square ahcd on the surface of the wire. If the 
lower end of the wire is now twisted in a direction 
from right to left as shown by the arrow, the square 
abed will be distorted so that the diagonal bd be- 
comes lengthened and the diagonal ac shortened. 
Now in accordance with the phenomena explained 
in § 42, if the magnetising force is relatively weak, 
as it will be in the case under consideration (that is, 
unless the current in the wire is made excessively strong), stretching 

causes an increase of permea- 
bility, whilst shortening causes 
a decrease of permeability. The 
actual magnetising force H is in 
a direction at right angles to the 
axis of the wire (see Pig. 72a). 
This force H may be resolved 
Fm. 72 b. component along the 

diagonal bd and a force H^a along 
the diagonal ca. Since, however, the diagonal bd is lengthened, due 
to the twist in the wire, and the diagonal ac is shortened, it follows 
that the induction along bd is greater than the induction B^a along 
the diagonal ca, as shown in Fig. 72b. The resultant induction B is 
therefore directed downwards. That is to say, the wire will become 
magnetised in a longitudinal direction, and for the direction of current 
shown and the direction of twist specified in Fig. 71, the loAver end 





Fig. 72a. 


of the wire will become a N pole. 

Ihe reciprocal of this effect is also true, viz., that if the wire is, 
say, suspended vertically and magnetised longitudinally, and if a 
current is sent along the wire in an axial direction, the lower end 
of the wire will twist. 



CHAPTER VII 

THE ELECTRON THEORY OF MAGNETISM 
44. Magnetic Classification of Substances 

According to their magnetic characteristics, practically all 
substances may be arranged in one of three classes, as follows : 

(i) Diamagnetic Stibstances, which, when placed in a magnetic 
field, become (weakly) magnetised in a direction opposite to that 
of the field. To this class belong bismuth, sulphur, water, alcohol, 
zinc, copper, silver, gold, mercury, etc. 

(ii) Paramagnetic Substances, which, when placed in a magnetic 
field, become weakly magnetised in the same direction as the field. 
This class comprises oxygen, air, manganese, chromium, platinum, 
etc. 

(iii) Ferromagnetic Substances, which, when placed in a magnetic 
field, become strongly magnetised in the same direction as the field. 
These substances are characterised by the fact that a weak field 
produces a strong magnetisation in them, and to this class belong 
iron, steel, cobalt, nickel. 

In the present chapter the modern electron theory of magnetism 
will be outlined, according to which the magnetic characteristics 
of substances are accounted for by the arrangement of the electronic 
orbits in the atoms of the substance. 

More than 100 years ago Ampferc suggested that every particle 
of a magnetic substance has closed currents circulating about it in 
the same direction. Before magnetisation, the molecules lie in 
different directions, and hence the molecular currents show no 
resultant magnetic effect at points outside the substance. When 
subjected to an impressed magnetic field, however, the molecules 
become turned with their molecular current axes more or less in 
the same direction and their magnetic effects reinforce each other 
and thus become apparent at points outside the substance. 

The discovery of the electron and the development of the electron 
theory of matter has now placed Ampere’s remarkable speculation 
on a firm foundation of experimental fact. 

Ill 
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45. Electron Theory of Diamagnetism 


-s 

i: 


In Fig. 73, an electron is shown in its orbit revolving in a counter- 
clockwise direction. This electron (which is a negative quantity of 
electricity), revolving in a counter-clockwise direc- 
tion, is equivalent to a current flowing in a clock- 
wise direction in a circular conductor of the orbital 
) radius r. A magnetic field due to the revolving 

/ electron will consequently be established in a 

direction perpendicular to the plane of the paper 
and directed away from the observer through the 
plane of the paper. 


Fig. 73. 


If m is the mass of the electron, in grams, 

£ ,, electric charge of the electron in electrostatic units, 

V „ velocity of the electron, in cms. per second, 

c „ ratio of the magnitude of the electro-magnetic unit 

of electrical quantity to the electrostatic 
unit that is c = 3 x 10^®. 

The time of one revolution of the 
electron will be 

^ _ 27ir 
V 


h| 


...gx. 

2/rrc 


e 




seconds. 


N 

.A 




Now consider the magnetic moment 

A. \ of fhjg revolving electron, that is, the 

/ moment of the magnet to which it is 

T ' equivalent. 

Suppose in Fig. 74 a uniform magnetic 
Fio 74 . field of intensity H gauss is impressed in 

a direction parallel to the plane of the 
orbit. 

The revolving electron will be equivalent to a current of the 
value 

£V 

i — 2 ^^ electro-magnetic units. 
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The force exerted on an element r6Q of the length of the path 
will be 

EV 

f — H rdd cos 6 dynes. 

Hence the moment of the couple acting on this element and 
tending to turn it about the axis AB will be 

, ^ Hev cos* OrdO , 

fr cos 6 — 2 ^ dyne-cms. 

The moment of the couple acting on tlie whole circle of the 
orbit will bo 




^2 Hev cos* OrdO 
IT 271 c 


Hevr r + 2 /// cos 20 

^ ] 


C ^2 f H cos 20\ 

.A 2 r 


Hevr . 

= dyne-cms. 

If M is the magnetic moment of the magnet which is equivalent 
to the revolving electron, the couple on such a magnet will be 

MH. 

Hence, 


or 


MH 

Hevr 

~ 2c 

M 

evr t 



er^Ti . 


~ cT 


2c 


where 


CO = - is the angular velocity of the electron in radians per sec. 


And 


2n 

T — — sec,, is the periodic time of the electron. 



114 


APPLIED MAGNETISM 


Now suppose that there is impressed on the electronic orbit 
(Fig. 73) a magnetic field directed away from the observer and 
perpendicular to the plane of the orbit. There will then act on the 
electron two forces, viz. : 

(i) A radial force tending to increase the radius r, 

'(ii) Whilst the impressed magnetic field is being established, 
there will be a force tending to slow down the electron, that is, 
to reduce v. 

It can be shown that the change in r will be extremely small 
as compared with the change in v, and in the following the change 
in r will be taken to be negligibly small. 

The flux through the orbit at any moment t due to the impressed 
field will be 

<f) = nr^H 

where H is the intensity of the impressed field at the moment f. 
Hence an e.m.f. e wiU be induced in the electronic orbit such that 


e = 


d<j> _ 
dl ~ 


— nr^ 


dH 

dt 


The work done on the electron during one revolution will be 

ee sTtr^ dH 

= c — ~di 


The force acting on the electron in a direction tangential to the 
orbit is 


/ = 


w 

2nr 


27irc 


dH 
dt 

er m 
2c dt 


dynes 


dv f sr dH 

= m = - & W 


The change in magnetic moment corresponding to this reduction 
in speed of the electron is 


dM _ redv 
dt 2cdt 


gifi dH 

Z — 2 plectro-magnetic units. 

^rflC CiL 
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The total change in the magnetic moment of the electron during 
the establishment of the impressed field is 


dM 

J„ dt’ 

where T is the time taken for the establishment of the impressed 
magnetic field. 

That is, the total change in the magnetic moment will be 


AM = - 


r. 


dll 
4mc dt 

'"dH 

4mc^ J dt 


i 


If the impressed field rises from an initial value of zero to the value 
Hi after T seconds. 


AM = - 


4mc^ 


Hi in electro-magnetic units. 


If several electrons are revolving in an atom and if, for example, 
some of the electrons revolve in the opposite direction to others, 
the resultant magnetic moment of the atom may vanish. The 
change in the magnetic moment due to the impressed field will 
become evident as a negative susceptibility, that is, 

am ^ in electro-magnetic units, 

4tmc^ 


where Zr^ denotes the summation of r* for aU the electrons. 

Example. — Suppose that the impressed field reaches a magnitude 
of one miUion gauss, that is. 

Hi = 10 « 

Assume that the time of one revolution of the electron is 


T = 


1 

IQi® 


seconds (see § 46). 


The ratio 


— 1-77 X 10’ electro-magnetic units. 

cm 
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Then for the case of an atom in which there is an effective current 
of one revolving electron, 


AM _ _ 

M ^mrevc 


erHi € HiT 

2mcv me 


1-77 X 10’ X 10« 

‘ 47r X 1015 


00014 


This result shows that for the case considered, viz., for an atomic 
current due to one revolving electron, the change in the magnetic 
moment due to impressing a magnetic field of the very high intensity 
of one million gauss is only about 

014% 

In order, therefore, to effect any marked changes in the electronic 
orbits extremely high values of the impressed magnetic field are 
necessary. 


46. Electron Theory of Paramagnetism 

It has been shown in § 45 how the phenomenon of diamagnetism 
may be aceounted for on the electronic theory if it be assumed that 
in the atom of a diamagnetic substance the electronic orbits are 
so disposed that their resultant effect is zero at points outside the 
atom, that is to say, the resultant magnetic moment of the atom 
is zero. 

In the case of a paramagnetic substance it is assumed that the 
electronic orbits are such that the revolving electrons produce a 
resultant effect at points outside the atom, that is, the atom has 
a resultant magnetic moment. 

In the following, a brief account of the theory originally formulated 
by Langevin for paramagnetic gases will be given, and also the 
modifications introduced by P. Weiss and others for the case of 
paramagnetic solid substances. 

I. A Paramagnetic Oas . — In the kinetic theory of gases it is 
assumed that the molecules of any gas are independent of each other’s 
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action until they collide. The effect of collisions is to impart to 
the molecules the same mean energy in each degree of freedom. 

When a magnetic field is impressed on a paramagnetic gas, the 
molecides begin to turn about such axes that their electronic planes 
would eventually be brought perpendicular to the direction of the 
impressed field. The mutual collisions of the molecules, however, 
will abstract some of the kinetic energy so acquired from the impressed 
magnetic field, and will distribute it among the molecules in the form 
of kinetic energy of rotation about other axes and kinetic energy 
of translation. Consequently, the energy supplied to the gas by 
the impressed magnetic field will be partly converted into heat 
energy. The condition of equilibrium will eventually be reached 
such that the tendency for the molecules to set themselves with 
their magnetic axes in the direction of the magnetic field is balanced 
by the tendency of the molecular collisions to make them set them- 
selves equally in all directions. When this state of equilibrium is 
reached, the conversion of the energy of the impressed magnetic 
field into heat energy will stop. 

The determination of the equilibrium condition so reached was 
assumed by Langevin to be a problem similar to that of finding the 
density of a gas acted on by gravity. Starting from this assumption, let 

J, be the saturation intensity of magnetisation of the gas, 

J „ the intensity of magnetisation of the gas actually obtained 
when the condition of equilibrium is reached, 

H ,, the intensity of the impressed magnetic field, in gauss, 

3’ ,, the absolute temperature, 

a ,, Boltzmann’s constant, viz., 2-06 x 10“^®, 

N ,, the number of molecules in 1 c.c. of the gas, at 0° and 
760 mm. 

then it may be shown that, 

i = K - j) 


/? = 


JJI 

~N<tT 


where 
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If p is small, that is, if the magnitude of the impressed field H 
is small, then 

^ = I approximately. 


J _ 

J, " 3aTN 


The magnetic susceptibility (§ 8) is therefore 

^ J _ jJ,^ 

" ~ H ~~ UTN 


or 

J2 

kT = ^ ‘ = constant. 

3aA 


This relationship was found by Curie to hold for oxygen and 
some other substances. 

For the case of oxygen gas the value of the susceptibility is 
K = 1-59 X 10"'^ at a temperature of 15° C. and a pressure of 760 mm. 
and 

N — 2-56 X 10^® (see below). 

Therefore, 

« 7 , = V kT'SccN 

= 0-85 in electro-magnetic units. 

If it be assumed that the magnetic moment of a molecule of 
oxygen gas is due to a single electron revolving with a periodic 
time r at a radius r, 
then 


J, = M, 


c 



in electro-magnetic units (see § 45), 


since the magnetic moment of saturation per c.c., M„ is the same 
as the saturated intensity of magnetisation, J,. 

Therefore 

T = — second, 
c J, 
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Now there are 60*6 x 10^® molecules in 1 gram-molecule of 
any gas. Further, 1 gram-molecule of any gas at 15° C. and a 
pressure of one atmosphere has a volume of 2*36 x 10^ c.c. Hence, 
the number of molecules in 1 c.c. of gas at 15° C. and under a pressure 
of one atmosphere is 


^ _ 60-6 X 10*2 
2-36 X 10* 


25-6 X 10i» 


Since the magnitude of the charge e is 4-77 x 10-*® electrostatic 
units, the value of the periodic time of the electron is 

„ 25-6 X 10*8 X 4-77 x 10-'“ , , 

“ 3 X l6-» X 0 ^85 • 

Assuming that the radius of the orbit of the single electron is 

/• = 14 X 10"® cm. 


The periodic time of revolution of the electron is then 

0'3 X 10"*® second. 


The peripheral velocity of the electron will be 

V = — - = 29-8 X 10’ cm. per second, 


that is, 


V ~ 1850 miles per second. 


II. A Paramagnetic Solid Substance . — Solid substances differ 
from gases by reason of the fact that neighbouring molecules of a 
solid exert very great forces on each other, and it is necessary to 
take account of these mutual molecular actions in applying Langevin’s 
theory. 

When considering the case of a paramagnetic gas, the quantity 
NolT appears in the expressions obtained. This quantity is the 
kinetic energy of the molecules in 1 c.c. of the gas, and it is this 
kinetic energy which limits the extent to which the molecules will 
be able to turn with their magnetic axes in the direction of the 
impressed magnetic field. 

In the case of a solid substance, it may be considered that the 
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mutual actions of the molecules on each other are additional obstruc- 
tions to their tendency to turn under the action of the impressed 
field, and can be taken into account by adding a term Z to the kinetic 
energy Nv.T. In this way, the formula derived for the case of 
a paramagnetic gas becomes applicable to a solid paramagnetic 
substance. 

The expression for the susceptibility then becomes 


or 


where 


3(aTA + Z) 


<T + z) = 


SxN 


Z = zaN 


Both Z and 2 are constants independent of the temperature. 

This relation is found to hold for a number of solid substances 
at low temperatures. 

III. Ferromagnetic Substances . — The behaviour of ferromagnetic 
substances presents many outstanding difficulties in the attempt 
to account for their behaviour by the electron theory outlined in 
the foregoing. 

The extraordinary and baffling fact is that at temperatures 
above the critical temperature, but well below the melting point, 
ferromagnetic substances become paramagnetic (see Chapter III). 

If Tx is the critical temperature and T some higher temperature, 
P. Weiss has given the following relationship for ferromagnetic 
substances at temperatures above the critical temperature : 


<T - T,) 


3aW 


For values of T which are well removed from Tj, this relation- 
ship gives a reasonably good approximation to the experimental 
facts. 
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The question arises as to how the remarkable behaviour of 
ferromagnetic substances below their critical temperature is to 
be accounted for, that is, the high magnetisation which they show 
for low values of the magnetising force H. 

This problem is one which has given rise to much speculation. 
K. Honda considers that the difference between paramagnetic and 
ferromagnetic substances is to be accounted for by the differences 
in the rotational kinetic energy of their respective molecules. He 
believes that in paramagnetic substances the molecules are endowed 
with a relatively large kinetic energy of rotation and that this pro- 
duces a g 5 T'oscopic action which presents great resistance to their 
orientation by the impressed magnetic field. In the case of ferro- 
magnetic substances below the critical point, he considered that the 
rotational kinetic energy of the molecules is relatively small and the 
consequent resistance to orientation under the influence of the 
impressed magnetic field is correspondingly small. 


47. Diamagnetic Effect also occurs in Paramagnetic and 
Ferromagnetic Substances 

When paramagnetic and ferromagnetic substances are subjected 
to an impressed field there will be two opposing effects during the 
establishment of the impressed, viz. : 

(i) A displacement of the electronic orbits which will 
correspond to a diamagnetic effect. 

(ii) The orientation of the molecules themselves which will 
produce the paramagnetic effect. 

The actually observed susceptibility will thus be the nett result 
of these two opposing effects. 

In the case of ferromagnetic substances below the critical tem- 
perature, the magnetisation effect due to the orientation of the 
molecules wiU, for those values of H met with in ordinary normal 
practice, be overwhelmingly greater than the diamagnetic effect due 
to the disturbed electronic orbits. 
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48. The “Magneton ” of P. Weiss 

The magnetic susceptibility of a substance may be written in 
the form (see also § 46) 



where z is zero for a paramagnetic gas, 

,, „ is a positive number for a solid paramagnetic substance, 

,, „ is a negative number for a ferromagnetic substance tested 

at temperatures above the critical temperature. 

„ A is a numerical constant. 

If this expression is plotted with k and G^) as co-ordinates, 

a straight line should be obtained passing through the origin. 

P. Weiss made a number of measurements of the susceptibility 
for magnetite at temperatures above the critical temperature, and 
found that, instead of obtaining a straight line through the origin, 
a series of straight lines was obtained which were separated by 
definite jumps in the values of k at certain temperatures. These 
definite jumps appear to denote sudden changes in the value of M, 
the magnetic moment of the electronic orbit. The values of M 
which were found to correspond to these various lines in the series 
were all very approximately whole multiples of the number 

18-54 X 10-22 

On measuring the susceptibility for other paramagnetic sub- 
stances, Weiss found that the value of M was always very closely 
equal to a whole multiple of this same number 18-54 x 10-22. He 
therefore concluded that the difference between the molecules of 
different paramagnetic substances lies in the number of uncom- 
pensated electronic orbits. 

An uncompensated electronic orbit of the moment 

18-54 X 10"22 electro-magnetic units 


is termed by Weiss a “ magneton.” 
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Referring to the expression given in § 44 for the magnetic 
moment of a rotating electron, viz.. 


M = 


er*7t 


and putting this equal to the moment of a magneton, then 


er^Ti 


18*54 


X 


10-22 


or 

r = 0*5 X 10 “ 
for 

r = 1*4 X 10-8 

The order of magnitude for the periodic time is therefore comparable 
with that given in § 46. 

Whether the magnetons are to be identified with the electronic 
orbits, or whether they are to be considered as elementary magnets 
arranged in the atom in parallel or in single file, does not appear to 
be clear as yet. 

According to Perrin, in order that the magnetons may account 
for the frequency of the hydrogen lines in the Ritz model as well 
as giving the moment of 18*54 x lO"^^ for the single magneton, the 
length of the magneton should be of the order 10"^° cm., that is, 
about one-hundredth part of the radius of the atom. 

Parson has suggested that the electron itself may be an anchor 
ring of negative electricity revolving in its plane about its centre 
at a high velocity, and on this assumption he has built up a magneton 
theory of matter. Such an anchor ring electron would, of course, 
be equivalent to a minute magnet. 



CHAPTER VIII 


THE GENERATION OF VERY INTENSE MAGNETIC 

FIELDS 

In Chapter VII, a brief account has been given of the widely 
accepted .view of the electron theory of magnetism. It is known 
that each atom of matter comprises a number of electrons rotating 
round a central nucleus — each rotating electron being equivalent 
to a current circuit and consequently produces a magnetic field 
within the atom. In the strongly magnetic substances, such as iron, 
cobalt and nickel, the fields due to the electronic circuits account 
for the fact that these substances are capable of being strongly mag- 
netised. The fact that the great majority of substances are only 
very feebly magnetic is apparently due to the various electronic 
circuits in the atom being so arranged as to more or less neutralise 
each other’s effect, so that the magnetic field which is measurable 
outside the substance is merely the small balance resulting from this 
differential effect. 

It appeared to the author that if this view of the source of the 
magnetism of magnetic substances is well-founded, it might be possible, 
by means of artificially produced magnetic fields impressed on the 
atoms of the material, to disturb the electronic orbits by the mutual 
action of the impressed field and the current circuits to which the 
revolving electrons are equivalent. 

The chief difficulty arising in attempting to carry out such an 
experiment is to obtain artificially magnetic fields of an intensity 
sufficiently great to be comparable with the inherent magnetic fields 
within the atom itself. 

The order of magnitude of the inherent magnetic fields has been 
considered in Chapter VII. It was there pointed out that in order 
to change the magnetic moment of a revolving electron by so little 
as 0*1% would require an artificially impressed field of the strength 
of about 700,000 gauss. 

Now to produce artificially magnetic fields of the strength of 
700,000 gauss is by no means easy. 
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The author has devised a method * for the purpose of generating 
very intense magnetic fields, and by means of which magnetic fields 
of the order of half a million gauss have been generated. Much 
stronger fields can be generated by the device, if the power of the 
apparatus is suitably increased. 

The question arises as to the method whereby any marked dis- 
turbance of the electronic orbits could be detected. The answer 
to this question seemed to lie in the fact that any marked disturbance 
of the electronic structure of a magnetic substance like iron would 
produce a corresponding change in the magnetic properties of the 
substance. For instance, the permeability might be expected to 
be altered. 

The substance which is being used for the first experiments is 
the silicon-iron alloy known as “ stalloy ” (see Chapter IV, § 34). 

49. Theory of the Author's System for Generating Very 
Intense Magnetic Fields 

The basic idea of the method for producing very intense magnetic 
fields is that since the heat generated by a current of i amperes 
fiowing for a time of t seconds in a conductor of resistance 
R ohms is 

i^Rt joules, 

it follows that if the time t be sufficiently small, it is possible to 
pass an indefinitely large current through the conductor without 
fusing it. 

Now if a solenoid is wound with w turns per cm. length, the inten- 
sity of the magnetic field generated at the central part within the 
core is 

4:71 . 

H = k gauss, 

where ii; is a correction coefficient depending on the dimensions of 
the solenoid. If the solenoid is of very great length as compared 

* See T. F. Wall, Journal of the Institviion of Electrical Engineers, July, 1926, 
Vol. LXIV, No. 355, p. 745. 
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with its diameter, the value of h is very approximately equal to 
unity. The actual value is 

. 26 . (a + d) + Via + dY + 6^1 

* = 13 log. (a - d) + V{V 

where ft cms. is the mean radius of the solenoid winding, 

2d ,, ,, radial depth of the solenoid winding, 

26 „ „ length of the solenoid. 

For further reference to this matter, see Chapter IX, § 53. 

If, therefore, the magnitude of the current is made sufficiently 
large, the intensity of the magnetic field may be increased indefinitely. 
Suppose, for example, that a long solenoid is wound with 40 turns 
per cm. length and it is required to obtain a magnetic field of inten- 
sity 10® gauss at the central part within the core of the solenoid. 
The current necessary to produce this field will be 


1 ^ 

4jtw 


19,900 amperes. 


If the solenoid is wound with, say. No. 16 s.w.g. wire, the normal 
current-carrying capacity of which is about 13 amperes, it is clear 
that the current of about 20,000 amperes can only be permitted to 
flow for a very small fraction of a second if the solenoid winding 
is not to be burned out. 

In order, therefore, that the two essential requirements should 
be fulfilled, viz. : 

(i) That very large currents should be generated in the 
solenoid winding; and 

(ii) That these currents should only be allowed to flow for 
a very small fraction of a second, 

\the author decided to use the oscillatory discharge of electrostatic con- 
densers of high capacity and charged to a high potential difference.? 

The condensers used in the first tests were paper-insulated, oil- 
immersed, power type, as supplied by the British Insulated and 

• P. Kapitza has described {Proc. Roy. Soc., 1924, A, Vol. CV, p. 691) a method of 
pro<iucing intense magnetic fields by means of the discharge of accumulators. 
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Helsby Cables, Ltd. These condensers were supplied in units of a 
nominal value of 50 microfarads each, and each unit was capable of 
standing a charging pressure of 2000 volts direct current. 

> The condensers are charged by means of a small 20 watt generator 
in series with a high voltage battery so that the total d.c. pressure 
available is about 2200 volts. The generator and battery in series 
are connected to the condensers through a very high resistance 
which prevents an abnormal rush of current at the initial stages 
of the charging process. 

The condensers require several minutes to charge to the full 
voltage. They are then discharged through the solenoid winding, 
the discharge being completed in a very small fraction of a second. 

The process, therefore, is analogous to filling a reservoir through 
a small supply pipe and then emptying the reservoir with great 
suddenness by breaking down the retaining wall. In other words, 
the energy accumulated over a relatively long period of charging 
is suddenly released, with the result that an enormous power becomes 
available for a short interval of time. In the case of the condenser 
discharge, this means that an enormous current strength is obtained 
in the solenoid. 

The solenoid, through the core of which the very intense magnetic 
fields are to be produced, is immersed in oil. The oil serves the several 
purposes of, (i) maintaining the insulation between neighbouring 
turns of the solenoid in a sound condition, (ii) keeping the solenoid 
winding cool, (iii) acting as a buffer to the enormous mechanical 
forces developed between neighbouring turns of the solenoid when 
the very heavy discharge currents flow in the winding. 

Although magnetic fields of the strengths produced by this 
method are very much more intense than any artificial magnetic 
fields hitherto produced (so far as the author is aware), they are of a 
strength which is small as compared with that of the magnetic fields 
inherent within the atom. 

A single appheation of such artificial magnetic fields, therefore, 
cannot be expected to produce any marked disturbance of the 
electronic orbits. It appeared, however, to be reasonable to expect 
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that a repeated application of the magnetic fields of the order of 
magnitude of 10® gauss might produce an appreciable disturbance 
of the electronic orbits by a cumulative process, just as a repeatedly 
applied small mechanical stress in a metal can eventually break down 
the molecular structure of the metal although a single application 
of the stress may not produce any noticeable effect. 

Included in the system, therefore, is an automatic switch by means 
of which the magnetic field may be applied an indefinitely large 
number of times. 

The factor which governs the rate at which the condenser 
discharges may be allowed to occur is the heating of the solenoid 
winding. Time must be allowed for the heat generated at the 
interior of the winding to dissipate through to the oil, otherwise the 
solenoid winding will very soon break down. 

An interesting effect becomes prominent when dealing with cur- 
rents of the very large magnitude which are developed with large 
capacity condenser discharges, and that is the mechanical forces 
between neighbouring turns of the winding to which these currents 
give rise. For example, if a current of 10,000 amperes flows in 
the solenoid winding and a field strength in the central part of the 
solenoid core is developed of, say, 500,000 gauss, the mechanical 
force which will be exerted on the wire of the inner layer per inch 
length will be 


that is. 


500,000 X 2-54 x 10,000 
10 


12-7 X 10® dynes. 


1-28 tons weight per inch length of wire. 


It is clear, therefore, that the neighbouring turns of the solenoid 
will be subject to enormous mechanical forces. The tendency of 
these mechanical forces is to draw the tmns of the solenoid towards 
the central part of the bobbin. The result of this is that the wire 
becomes stretched and eventually will break unless precautions are 
taken. The danger of the winding being ruptured when the current 
is flowing is that a violent spark is produced under the oil and in 
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consequence a disastrous explosion may occur. In order to avoid 
this danger, the coil is provided with a steel cradle which is lined 
with hard wood and is then fitted close on to the winding. 

^ When the apparatus in working under its normal conditions, 
the time which elapses between two successive discharges of the 
condenser is about 12 minutes. By keeping the automatic oscillating 
switch in operation for 8 hours per day, it is thus possible to obtain 
about 240 discharges per week, or about 1000 discharges per month. 

The measurement of the magnitudes of the very heavy currents 
which are generated when the condensers are discharged through 
the solenoid winding is made by means of the Duddell high-frequency 
oscillograph and “ falling plate ” camera. 

In order to ensure that the photographic plate shall pass across 
the exposure slit at precisely the moment at which the condenser 
discharge is taking place, an electro-magnetic release device for the 
plate is employed. The electro-magnet circuit is closed by means 
of a contact fixed to the arm of the switch which closes the discharge 
circuit of the condensers. By suitably adjusting the position of 
the contact, it is possible so to arrange matters that the condenser 
discharge takes place just as the plate is passing across the exposure 
slit. 

The setting of the contact-maker for the plate release electro- 
magnet proved to be extremely sensitive, and very slight changes 
in the friction of the plate in the guides was sufficient to completely 
upset.it so that the condenser discharge was completed either before 
or after the plate had passed across the exposure slit. It was 
eventually found to be necessary to provide means for eliminating 
the disturbing effect of slight errors or alterations in the setting of 
the contact-maker. For this purpose, a special plate frame was made 
which would carry three plates, thus forming, in effect, one continuous 
plate about 18 in. long. In this way, it has been found possible to 
ensure that the condenser discharge takes place whilst at least some 
portion of this composite plate was crossing the exposure slit. 

.. The frequency of the oscillatory current produced by the condenser 

discharge is measured by connecting one strip of the oscillograph to 
9 
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a source of sinusoidal alternating crurent of known frequency, 
e.gr., the town supply mains, whilst the other strip of the oscillograph 
is in circuit with the discharge current of the condenser. 

Fig. 76 shows diagrammatically the general arrangement of the 



connections.* Reference to this diagram shows that when the switch 
lever E is over on the left-hand side and the switch U is closed, the 
condensers are all connected in parallel to the direct current high- 
voltage supply system C. The P.D. at the condenser terminals is 


* See Journal loc. cit. 
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measured by the Kelvin electrostatic voltmeter 0. When the switch 
lever E moves over to the right-hand side, contact is first made in 
the two mercury cups, J, the result of this being to connect the two 
condenser sets B in series. The actual closing of the condenser 
discharge circuit is effected by contact in the large mercury cup H, 

A special precaution was also taken in regard to the P.D. oscillo- 
graph connections for measuring the P.D. wave across the coil. 
For this purpose non-inductive double strips V (Fig. 75) were con- 
nected directly to the solenoid terminals, the length of each double 
strip being about 2 in. Tappings were taken from the top of these 
double strips, one of these tappings being shown in Fig. 76. In 
this way any mutual induction effects in the P.D. leads due to the 
heavy currents in the circuit could be eliminated. It was found, 
however, that mutual induction effects in the P.D. cireuit of the 
oscillograph circuit were insignificantly small even without this 
special precaution. 

The slide frame for the photographic plates is shown at N and 
the electro-magnet for the plate release at M. The circuit of this 
electro-magnet is closed as the switch lever E moves over to the right- 
hand side. 

The a.c. wave of 50 frequency for measuring the frequency of 
the oscillatory discharge currents in the solenoid A, and also for 
calibrating the oscillograph, is obtained from the supply mains 
shown at Y. 

The cahbration of the oscillograph is performed by connecting 
the two strips in series with each other through a known resistance 
and supplying the circuit from the a.c. source Y, the P.D. being 
accurately measured. 

For each condition of condenser discharge, two sets of oscillo- 
grams were usually taken, viz., 

(i) One set giving the waves of the P.D. and the current 
in the solenoid. 

(ii) One set giving the wave of the condenser discharge 
current and a sinusoidal wave of known frequency. 
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The second of these two sets of oscillograms provides the scale 
for measuring the frequency of the condenser discharge current. 


50. The Current Produced when the Condenser is Discharged 

The theory of the method of generating very large currents by the 
discharge of static condensers through a solenoid of low resistance 
may be briefly stated as follows : 

Let C farads be the capacity of the static condensers, 

„ L henrys be the inductance of the circuit, that is to say, the 
inductance of the solenoid and the connecting leads, 

„ R ohms be the resistance of the circuit. 

If the static condensers are charged up to a potential of V volts 
and then discharged through the solenoid, the discharge current 
will be oscillatory if the resistance E is small. It is essential for 
the success of the method that the resistance shall be as small as is 
practicable without seriously affecting the other essential conditions 
of the circuit. 

When the static condensers are discharged through the solenoid, 
the magnitude of the current at any moment t will be given by the 
expression 

V . 

t = — - e 2 L gm 

L J_L - 1 

^CL 4 V- 




GL 

% 


1 R^f. 
i I? r 


where e = 2*713 .... and is the base of natural logarithms. 
The frequency of the oscillatory discharge current will be 


/ = 


1 1 

1 / 

^CL 

4 LV 


2n 


1 


If the factor ^ is negligibly small as compared with the quantity 


the frequency will be 

(jJu 


f 


1 


2nVCL 
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The first peak value of the current will be obtained by putting 



2 ?! 



1 

4 L2 




1 7?2 

in the expression for i. If the quantity j ^ is again neglected as 
compared with the quantity the first peak value of the oscil- 

LfJu 

latory discharge current wiU be given by 

jo 

ii = * 'S jf ^-amperes. 

It will be noticed that the expression for the first peak value of 
the condenser discharge current contains the decrement factor 

e * L 


The magnitude of this factor increases as the resistance R decreases, 
if the other quantities remain the same. If, however, the magnitude 
of R is decreased by decreasing the number of turns on the solenoid, 
the value of the inductance L is also decreased. This increases the 
magnitude of the decrement factor and the question as to whether 
the resulting magnitude of the first peak value of the discharge 
current is decreased or increased as L decreases depends upon the 
actual numerical values of the circuit constants. 


Example. — In Fig. 76 the oscillograms refer to the case in which 
the condensers were charged to a P.D. of 2126 volts and then dis- 
charged through a solenoid wound on an ebonite core. From both 
oscillograms the first peak of the current wave is found to be 4520 
amperes. The second peak of the current wave has a magnitude of 
2750 amperes. 

The instantaneous value of the current at any time t subsequent 
to the commencement of the discharge is 

i = sin cot 

Leo 
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where 


' - ivli. - a 


The magnitude of the first peak of the current wave is obtained 

by putting t = 1/(4/) so that the 
I. ~ magnitude of the first peak of the 

M P.D.wave . 

3 0 J A^— — current wave is 


,^♦6 000 - 
gUooo- 
^ I 2 000- 
a 0- 
612000- 
< 4 000- 
♦6000- 


. Current 
— wave 


T ~ ^ p-msLf) 

±1 Y ^ 

Leo 

Similarly, the magnitude of 
the second peak is obtained by 
putting t = 3/(4/), so that 

T y --3U/(8Z/) 


50-cycle^ 


i69 


and consequently 


^-RKiLf) 


Current 


W — Now it is found by measurement 

, of the oscillogram lb) in Fig. 76 that 

-pm. 76 . the value of the frequency is 

/ = 1340 cycles per second, 
also, from the oscillograms in Fig. 76, 


from which it follows that 

R = 0-114 ohm, 

since the total inductance of the circuit was 

r 43-4 , 

L = -rm henry. 


Taking, then, the effective resistance of the discharge circuit 
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to be O' 114 ohm, the value of the first peak of the current wave and 
also the frequency may be calculated. Thus in this case, 

V = 2126 volts; L = 43-4 x lO'® henry; C = 339 jul’; 

G zT ^ - 1-73 X 10® 

that is, / = 1300 cycles per second. 

Substituting in the expression for the first current peak 


gives 




V p-RKfiLf) 

Lo>^ 


1 1 — 4682 amperes. 


P.D. 


A 

i 


B 

1 


Current 


)l 


Fia. 77. 


The calculated value of the first peak of the current wave is thus 
about 1-03 times the value measured from the oscillograms (a) and (6) 
in Fig. 76, whilst the calculated value of the frequency is about 0-97 
of the value measured on the oscillogram (b), Fig. 76. 

An interesting oscillogram is shown in Fig. 77, which refers to a 
solenoid wound on a steel bobbin. The condensers were connected 
all in parallel, charged up to 2126 volts and then eonneeted in two 
sets in series for discharging. The eoil burst when the discharge 
took place, and the oscillogram of Fig 77 shows the sequence of events 
after the discharge circuit was closed. The current wave comprises a 
single peak and then falls to zero. The peak value of the current 
wave as measured from the oscillogram is found to be 2230 amperes. 

The P.D. wave shown in the oscillogram exhibits some remarkable 
features. For example, the P.D. becomes zero at the same time that 
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the current falls to zero, and the P.D. remains zero for about 0-002 sec. 
The P.D. oscillogram then shows high-frequency ripples of small 
amplitude, afterwards becoming definitely negative and remaining 
negative for about 0-005 sec. The P.D. then becomes oscillatory 
and reaches the zero value, remaining zero for about 0-001 sec. After 
further fl.uctuations the P.D. again becomes definitely negative and 
remains negative but develops occasional ripples of high frequency 
and small amplitude (see A, B, Fig. 77). 

The curious activity of the P.D. after the current has ceased to 
flow appears to be definitely due to the iron of the bobbin. This 
is evident from the fact that when a solenoid of similar winding data 
but wound on an ebonite bobbin burst, no such high-frequency 
ripples were developed in the P.D. 

It would further appear that the atomic disturbance of the 
material of the bobbin took some considerable time to settle down 
to a state of quiescence, that is, in so far as its external effects are 
concerned. 

51. Experiments with Moderately Intense Magnetic Fields 

As a preliminary to the main experimental undertaking outlined 
in the foregoing pages of this chapter, some experiments were made 
with moderately intense fields as follows : The tests were made on a 
specimen consisting of a nest of four cylindrical tubes of stalloy, which, 
when assembled together, formed a tubular specimen cyhndrically 
laminated. A search coil of 314 turns and an exciting coil of 9 turns 
were wound on the tube, the magnetic circuit being a closed path 
in the stalloy. The dimensions were such that, when a cmrent of 
1 ampere was passed through the exciting coil, the intensity 
of the magnetic force along the mean magnetic path was 2-7 
gauss. 

The specimen was subjected to a magnetic field by passing an 
alternating current of 60 frequency through the exciting coil, the 
peak value of the current being 3-1 amperes. This current was main- 
tained for a few seconds and then gradually reduced to zero, thus 
completely demagnetising the specimen, after an alternating field 
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of about 12,000 lines per sq. cm. had been developed in the mean 
magnetic path of the material of the specimen for the duration of 
a few seconds. 

The B : H curve was then determined by the method of reversals, 
starting with very low values of the exciting current. The portion 



H. 


Fig. 78. 


of this curve near the origin is shown by Curve I in Fig. 78. The 
specimen was then again completely demagnetised and after it had 
been allowed to rest for 16 hours the B : H curve was again deter- 
mined and is shown as Curve II in Fig. 78. 

It will be seen that Curve II is distinctly lower than Curve I, 
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and in order to facilitate the comparison, the numerical data are given 
in the following table : 


Magnetising 

Magnetic 

Induction 

Ratio. 

Force. 

Curve I. 

Curve II. 

H 


Bii 

. 1 


0016 

4-4 

3-9 

1-13 

0026 

7-9 

7-2 

1-10 

0035 

11-9 

IM 

1-07 

0046 

16-6 

15-6 

106 

0-055 

21-7 

20-7 

1-06 


It is to be observed that the values of the magnetic induction 
given by Curve I are as much as 13% higher than those given by 
Curve II. 

By again subjecting the specimen to a magnetising field of the 
same intensity as before and then demagnetising it, the Curve I 
could be re-obtained. 

By maintaining uninterruptedly the alternating current in the 
exciting coil for several weeks, it was found after demagnetisation 
that the B : H curve was still higher than Curve I. After the speci- 
men had remained at rest for one week, however, the B : H curve 
fell in a similar manner to Curve II. 

It thus appears that, by subjecting the magnetic substance to 
fields of even moderate intensity, it is possible to produce a definite 
temporary change in its magnetisation curve, and this fact appears 
to indicate that a corresponding temporary change in the electronic 
orbits takes place. 



PART II 


MAGNETIC TESTING 

CHAPTER IX 

THE BALLISTIC GALVANOMETER: 

THE FLUXMETER 

52. The Ballistic Galvanometer Formulae 

A ballistic galvanometer is used to measure the quantity of 
electricity which is passed through the galvanometer, a requisite 
condition of the measurement being that the discharge is complete 
before an appreciable deflec- 
tion has been produced. 

Usually, a ballistic galvano- 
meter has a fixed magnet 
system and a movable coil. 

Sometimes, however, the mag- 
net system is movable and the 
coil is fixed, as, for example, 
in the Broca galvanometer. 

The conditions which a 
ballistic galvanometer should 
fulfil are (i) the moving system 
should have a large moment 
of inertia, so that the discharge 
through the galvanometer 
shall be complete before an 
appreciable deflection of the 
moving system has taken 
place; (ii) the damping of the 
moving system should be small, so that, other conditions being 
the same, the “ throw,” or first full deflection, shall be as large as 
possible. 
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Let J be the moment of inertia of the moving system, 

„ 6 „ deflection at any time t, 

„ 1^^ „ damping couple when the velocity is 

„ cO „ controlling couple. 

If ther^ were no damping whatever, the galvanometer would 
continue swinging indeflnitely, the deflection on each side of the zero 


being the same amount as shown in 



Fig. 80. 


Fig. 79. 

Actually, however, the 
damping causes the deflection 
to be less than this ideal un- 
damped deflection, and the 
amount of the deflection on 
each side of the zero decreases 
in magnitude as shown in Fig. 
80, where 

©1 is the 1st deflection, 

6»2 „ 2nd 

03 „ 3rd 

0„ „ nth. 

Now it can be shown that 
the expression 

1 1 01 
n-l. e. 


is a constant for all values of n. This constant is called the 


logarithmic decrement and will be denoted in what follows by the 
Greek letter A (lambda). 

If, for example, the 1st deflection and the 11th deflection be 
noted, then 



log 


^11 


or reducing the logarithm to the base 10, 

A == 0-23 log,o p- 
1 
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Then 0 the ideal undamped deflection will he given by 

e = «i(i + I) 

The quantity of electricity which has been discharged through 
the galvanometer will be 



= 60 coulombs. 

In this expression x 
and 6 are constants of 
the galvanometer. The 
factor 6 is the “ balhstic 
constant ” and must be 
found from a calibration 
test of the galvano- 
meter. 

The symbol T de- 
notes the time in 
seconds of one complete 
oscillation of the gal- 
vanometer coil, that is, 
the time between a full 
deflection on one side of 
the zero and the next 
full deflection on the 
same side of the zero. 

For example, in Fig. 80, 

T is the time in seconds between the deflections Oj and 63, or between 
63 and 65, and so on. 

53. Determination of the Ballistic Constant 

Three methods are available for measuring the balhstic constant 
of a galvanometer, viz., by means of — 

(i) A standard cell and a standard capacity. 
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(ii) A standard, cell and a standard resistance, 

(iii) A standard mutual induction and a known current. 


Method I. Using a Standard Cell and a Standard Capacity 
Make the system of connections shown in Fig. 81, where 


'S denotes the standard cell, 

B „ „ standard condenser, 

„ a Morse key, 

Ag „ a damping key, 

Ii „ a resistance of a few thousand ohms. 

Charge the condenser by pressing the key and then discharge 
it through the galvanometer by releasing the key Ky 

Note the first full defiection 6^ of the galvanometer and, say, 
the 5th deflection, that is, 6^ 

Then the logarithmic decrement is 


, 2-3 


10 0 , 


The first undamped swing will then be given by 


6 > = 01 



The ballistic constant h will be 


^ V X C 


where V is the voltage of the standard cell and C farads the capacity 
of the standard condenser. If a Weston cell is used as the standard, 
F = 1-0183 volts. 

Example. — In one test it was found that when a standard con- 
denser of 0-3 mfd. capacity was charged to 1-0183 volts by means 
of a Weston standard cell and then discharged through the ballistic 
galvanometer, the following values of the deflections were noted, viz. : 

01 = 62-0 mms. 

0, = 48-7 


99 
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The logarithmic decrement was therefore 

, 2-3 , 62-0 ^ 

A ^ ^ogio 4g.7 — 0'060. 

The magnitude of the undamped swing of the galvanometer was 
therefore 

0 = + I) = 62-0 X 1-03 = 64-0. 

Hence the ballistic constant 
of the galvanometer was 

, _ 1-C183 X 0-3 
64-0 X 106 

= 4-78 X 10‘® coulombs per 
mm. of scale deflection. 

It is to be noted that the 
resistance R has no appreciable Rg 
effect on the galvanometer de- 
flection — unless the magnitude 
of R is of the order of infiuity. 

Method II. Using a Standard 
Cell and a Known Value of 
the Current 

Connect up the galvanometer 

Fig. 82. 

as shown in Fig. 82, where 

S denotes the standard cell, 

Ri, J? 2 , i ?3 „ „ galvanometer resistance, 

„ a Morse key, 

Ki „ a press key, 

Xg „ a double pole reversing switch. 

The resistance R^ may be of the order of 1 megohm, and the resist- 
ances jRg and R^ may each be of the order of a few thousand ohms. 

For this method of measuring the ballistic constant, it is necessary 
to know T, the time of a coihplete oscillation of the galvanometer 
spot. This quantity may be found ^ by setting the galvanometer 
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spot swinging by momentarily pressing the key K^. It is advisable 
to measure, by means of a stop-watch, the time taken for, say, 5 or 
10 complete swings and thus obtain with reasonable accuracy, the 
mean time for one complete oscillation. 

The magnitude of the resistances and R^ should be adjusted 
so that op keeping the key pressed, the steady deflection of the 
galvanometer is a reasonable amount. 

By means of the reversing key find the galvanometer steady 
deflection on the other side of the scale zero, and for the same values 
of the resistances R^, Rz and R^. 

The mean of the two readings may be taken as the true value 
of the steady deflection due to that value of the galvanometer 
current. 

A series of readings should be taken in this way, and the values 
of the galvanometer deflections and the corresponding values of 
the galvanometer currents plotted. This should give a straight 
line relationship. From the straight line so obtained, the mean 
value of the galvanometer deflection per microampere is found. 

Let F volts be the e.m.f. of the standard cell 8. 

The galvanometer current will be given by the relationship 


where 


and 


i — ig + ir (see Fig. 80), 
F 


Ri + 


RjRz 

i?2 -|- i?3 


amperes 



(Note . — The resistance Rg is, of course, inclusive of the resistance 
of the galvanometer itself.) 

The galvanometer ballistic constant will then be 


b 


c T 

X 2n 


c 

X 


h 

e 


where 
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0 being the mean value of the steady deflection when a current 
of ig amperes flows through the galvanometer. 

Numebical Example. — In the case of the same ballistic galvano- 
meter as was used for the numerical examples given in Method I 
and also in Method III below, the following data were obtained : 
Time of one complete oscillation . . T = 18 seconds, 

Galvanometer current h ~ 0-0926 x 10'® amperes, 

Mean value of the steady deflection . 0 — 54-9 mm. 



Hence, 


c 

X 

T 

27t 


00926 

“ 10® X 54-9 


and the ballistic constant is therefore 
^ 1-685 X 2-86 

0 - IQ9 


1-685 

10 ® 


= 4-82 X 10'® coulombs per mm. of scale deflection. 


Method III. Using a Standard Solenoid 
The standard solenoid is one which is wound on a bobbin of 
non-magnetic material and which has a length which is great com- 
pared with the diameter. 

10 
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Supported within the solenoid at the centre of the core is a 
search coil of which the dimensions are accurately known. 

The search coil is connected to the galvanometer and the solenoid 
winding is connected to a battery of accumulators through a reversing 
switch, as shown in Fig. 83. 

The strength of the magnetic field at the central part within 
the core of a solenoid is given by the expression : 


H 


4:71 W-,1 

^lO ~T 


in which 

I amperes is the current in the solenoid 
winding, 

I cms. is the length of the solenoid, 

turns is the total number of turns in 
the solenoid winding, 

A: is a correction coefficient. 

The magnitude of the correction coefficient 
k is given by the following expression, viz. : 

(u + d) + + dY + ^2) ^ 

^ 4d / '77 V/ 

{a - d) + {a - dy + ' 

where 

a cms. is the mean radius of the solenoid winding, 

2d cms. is the radial depth of the solenoid winding, 

I cms. is the length of the solenoid winding, 

as shown in Fig. 84. 

If the radial depth (2d) of the winding is small, that is, if the 
solenoid is wound with, say, one or two layers of thin wire, the 
expression for the intensity of the magnetic field at the central part 
within the core of the solenoid may be written 



H 


271 

16 






■/ gauss. 
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When the quantity a is small compared with the quantity I, 
that is, when the solenoid is of considerable length as compared 
with its diameter, the field strength at the central part within the 
core of the solenoid is uniform and each of the two foregoing 
expressions for the intensity of the magnetic field may be written 
in the simple form 

^ = Tq -fl gauss, 

or, expressed in words, the intensity of the magnetic field at the central 
fart within the core of a solenoid is equal to 1’257 times the ampere- 
turns per cm. length of the solenoid winding. See also Chapter XI, 
§63. 

If the search coil has w^ turns and if the effective cross-sectional 
area of the search coil is A 2 sq. cms., the flux-linkages of the search 
coil when in position at the central part of the solenoid core will be 

HA2W2. 


When the solenoid current is reversed, the total change of fluX' 
linkages of the search coil will be 

2HA.iWi. 


If E ohms be the total resistance of the galvanometer circuit 
including the resistance of the search coil, the quantity of electricity 
which will be discharged through the galvanometer when the current 
in the solenoid winding is reversed is : 


2HA2W2 

~EW~ 


coulombs. 


Hence, if 0 be the undamped galvanometer throw when the 
solenoid current is reversed, then 

2 HA 2 W 2 _ c T g 

~x%t 

= be 


where b is the ballistic constant. 
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Therefore 


where 


2HA,w, 


4:71 Wil 

To I 


Numerical Example. — The standard solenoid in Sheffield 
University is wound on a “ Bakelite ” tube and has a length of 
winding of 166 cms. The winding of the solenoid consists of 1638 
turns of copper wire. 

The search coil has 361 turns and the mean area of the coil is 
12*75 sq. cms. Hence 

A 2^2 = 4600. 

When a current of 3*53 amperes was reversed in the solenoid 
winding, the undamped galvanometer throw was 84*6 mms., the 
total resistance of the galvanometer circuit being 10,000 ohms. 
The galvanometer used was the same as that to which the numerical 
examples in Methods I and II refer. 

Hence 

H = wx/ 

10 I 

_ 4:71 1638 X 3*53 
10 166 

— 43*8 gauss. 

Therefore 

c T ^ _ 2 X 43*8 X 4600 
X 271 10,'00b X 108 ' 

or 


c ^ ^ 2 X 43*8 X 4600 

a: 271 10,000 x TO® x“”84“6 

That is, the ballistic constant is 


h 


c ^ 
X 271 


4*76 

10 » 


coulombs per mm. of the scale deflection. 
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Instead of determining the mean value of the cross-sectional 
area A 2 of the search coil by measuring the mean diameter, the 
'product A 2^2 niay be found more accurately by measuring the mutual 
induction of the search coil with respect to the solenoid. 

Thus if M henrys is the mutual induction so found, that is 


M = 


flux-linkages of search coil 
108 


when 1 ampere flows in the solenoid. 
Therefore 

^{A,_w^) = if X 108 


or. 


A,m 


2«^2 


M X 108 
10 1 



The mutual inductance M may be measured 
by any of the standard methods such as that of 
Carey Foster or by means of a standard mutual 
inductance. 


Method IV. Calibration by Means of the Duddell 
Magnetic Standard 

This method of calibration is a convenient 
one when the range of flux-linkages of the 
magnetic standard is of the same order as that 
of the search coil on the specimen under test. 

The principal purpose for which the Duddell magnetic standard 
is intended to be used is the calibration of a ballistic galvanometer 
for the same conditions as those under which the galvanometer is 
actually used for the magnetic test. It is thus possible to obtain 
the calibration curve for the galvanometer directly without having to 
determine the ballistic constant. 

The instrument consists of two fixed coils, C, C, Fig. 85, through 
which a known value of direct current is passed, and two movable 
coils, D, D, Fig. 85, which latter are connected in series with the 
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galvanometer which is to be calibrated. By releasing a spring, 
the moving coils are suddenly turned through an angle of 180°. 
They will thus cut the lines of magnetic force which are generated 
by the current in the fixed coils and a corresponding deflection of 
the galvanometer will be produced. The general arrangement of the 
connections and of the coils in the instrument are shown in 
Fig. 85. 

The magnetic standard is itself calibrated by some more funda- 
mental standard such as the long solenoid, as described in Method 
III, and the calibration constant is supplied with the instrument. 
Thus, in a particular instrument, when a current of 1 ampere 
is flowing in the flxed coils the change in flux-linkages of the movable 
coils when the spring is released was found to be 100,200. 

In using the magnetic standard for calibrating a ballistic galvano- 
meter it is thus necessary to be able to measure accurately the current 
in the fixed coils, e.g., a precision ammeter should be used. 

The resistance of the fixed coils is only 0-075 ohm, so that a 
single 2-volt accumulator is sufficient to send the necessary current 
through the fixed coils. 

The coils D D of the magnetic standard are kept permanently 
in circuit with the search coil of the specimen ; that is to say, not 
only when the calibration of the galvanometer is being made, 
but also when the magnetic test of the specimen is being carried 
out. 

By noting the deflection of the ballistic galvanometer for a 
series of values of the current in the fixed coils of the magnetic 
standard, it is possible to calibrate the galvanometer for the whole 
range of the scale. 


54. The Grassot Fluxmeter 

The principle of action of this instrument is that of an uncon- 
trolled moving coil galvanometer, the moving coil being suspended 
by a single cocoon fibre which is, as nearly as possible, without any 
torsion. In this way, the control on the moving coil is made prac- 
tically neghgibly small. 
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A sketch of the moving coil system of this instrument is shown 
in Fig. 86. The ends of the moving coil B are brought out to 
terminals as shown. The single cocoon fibre which suspends the 
coil is fixed at the upper end to a flat spiral spring A so that any 
risk of rupture due to mechanical shock is minimised. The coil 
is connected through the two spirals C C oi thin silver strip so that 
no appreciable control is exerted on the coil due to these connections. 

The coil is suspended in a magnetic field pro- 
vided by the permanent magnet system NS. 

The most important application of this instru- 
ment is the direct measurement of magnetic fluxes. 

For this purpose, a search coil is provided which 
is connected to the terminals of the moving coil 
of the fluxmeter. If the search coil is made to 
thread a magnetic flux, or more generally, if the 
magnetic flux which threads the search coil is 
altered, it may be shown that the corresponding 
deflection of the fluxmeter needle is directly proportional to the 
change of flux linkages of the search coil. 

For instance, if in Fig. 87 the search coil is 
moved from the position A to the position B, the 
resulting deflection of the fluxmeter needle due to 
this movement will be proportional to the change 
in flux-linkages of the search coil in moving from 
the position A to the position B. That is to say, 
if there are w turns in the search coil and if the 
flux which threads the search coil changes by an 
amount ^ when the search coil is moved from the 
position A to the position B, the corresponding 
deflection of the fluxmeter needles will be propor- 
tional to the product 

V)0. 



A. 


B.o 


P 

Fig. 87. 


Theory of the Fluxmeter. 

Let be the magnetic flux which threads the search coil at 
any instant. 
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Let w be the number of turns in the search coil, 

„ i amperes be the current at any instant in the series con- 
nection of search coil and fluxmeter coil, 
do 

,, ^ radians per second be the angular velocity of the search 

(tv 


coil at any instant, 

„ Cf volts be the back e.m.f. induced in the moving coil of 
the fluxmeter at any instant and due to its movement 
in the magnetic field of the fluxmeter, 

„ e, volts be the e.m.f. induced in the search coil at any 
instant and due to the change of flux-linkages of this 
coil, 

,, r ohms be the total resistance of the series circuit of search 
coil and fluxmeter cod. 


The e.m.f. e, induced in the search coil at any instant will be 
proportional to the rate of change of the flux-linkages of the search 
coil. That is. 


e. = 


w dS, 
dt 


volts. 


The e.m.f. induced in the moving coil of the fluxmeter will be 
proportional to the angular velocity of this coil in the magnetic 
field provided by the permanent magnet system of the fluxmeter. 
That is, 

e, — volts, 

(tt 


where A; is a constant of the instrument. 

If the air damping and friction of the moving coil system of the 
fluxmeter are small, it follows that the electrical power developed 
in the search coil is equal to the electrical power supplied to 
the whole system of search coil and fluxmeter moving coil. 
That is, 

ef = e/i -j- ri^. 

If i is small, which will be the case if the fluxmeter coil is not 
too heavy and if the air friction and other friction losses are small. 
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and if the permanent magnet system of the fluxmeter is sufficiently 
powerful, then the resistance loss n'^ may be taken as negligibly 
small. 

Hence 

e, = c/ 

or 

w d<l>x _ idQ 

108 

Integration of this equation gives 



where is the flux threading the search 
coil at its first position and ^2 is the flux 
threading the search coil at its final posi- 
tion. The symbol 6> denotes the deflection 
of the fluxmeter needle due to the movement 
of the search coil in the magnetic field 
which is being explored. That is to say, 
is the reading of the fluxmeter needle at the 
beginning and 6^ the reading of the needle 
at the end of the movement of the search 



Fia. 88. 


coil. 

If a series of search coils is available, each having a difllerent 
number of turns, it is possible to measure a great range of magnetic 


fluxes. 

For many purposes it is desirable to be able to extend the 
effective range of the fluxmeter scale to measure very large fluxes. 
This can be done by the use of a shunt across the terminals of the 
fluxmeter coil, the resistance of the shunt being small as compared 
with the resistance of the fluxmeter coil. 

In Fig. 88 is shown a diagrammatical sketch of the arrangement. 
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It may be proved that, in this case, the change of flux threading 
the search coil is 

\ wx / 

where r, ohms is the resistance of the search coil and x ohms is the 
resistance of the shunt ; the other symbols have the same significance 
as previously. 

Example. — The constant of the fluxmeter available for the 
test was such that one scale division represented a change of flux- 
linkages of the search coil of 14,000. That is, 

, _ 14,000 
^ 108 

The search coil had 100 turns, the mean area of the winding 
being 5*42 sq. cms. 

In the test considered, a bar magnet was passed through the 
search coil and arranged so that the coil was at the centre of the 
bar. When the coil was drawn off the end of the magnet the con- 
sequent deflection of the fluxmeter needle was 2 divisions, the 
fluxmeter being used without a shunt. 

The total flux 0 at the middle of the bar magnet embraced by the 
search coil was therefore given by the expression 

0w = 2 X 14,000 = 28,000. 

Since the number of turns w in the search coil was 100, it follows 
that the total flux threaded by the search coil when placed at the 
middle of the magnet was 

0 — 280 lines. 

If the flux threading the search coil had been uniformly dis- 
tributed, the induction density would have been 


mean area of the search coil 
_ 280 
5-42 

= 62 Unes per sq. cm. 



CHAPTER X 

DETERMINATION OF THE MAGNETISATION CURVE AND 
THE HYSTERESIS LOOP, (I) BY THE METHOD OF 
REVERSALS ; (II) BY THE “ STEP-BY-STEP ” METHOD 

These methods are suitable for testing ring specimens up to 
values of the magnetising force H of about 250 gauss. 



55. The Determination of the Magnetisation Curve by the 
Method of Reverseils 

The diagram of connections for this test is shown in Fig. 89. The 
specimen is in the form of a machined ring, the dimensions of which 
are accurately known. This ring is provided with a magnetising 
coil evenly wound over the whole surface, the coil being shown 
diagrammatically by MC in Fig. 89. 

155 
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The mean magnetic circuit of the ring specimen is shown by the 
dotted circle. Let be the length of this circle, that is, 

1^ = 71 (mean diameter of the ring in cms,). 

If a current of amperes is passed through this magnetising 
coil and if there are Wi turns in the coil, it follows that 

that is, 

H = 1-257 

I'm 

= 1-257 X (ampere-turns per cm. length of the mean path). 

In these expressions, H gauss is the intensity of the magnetic 
force at every point in the mean magnetic path. 

The magnetic intensity H may thus be calculated at once for 
any value of the exciting current 

A search coil SC of fine wire is wound over the magnetising coil 
and it is only necessary to wind this search coil over a small portion 
of the ring as shown in Pig. 89. The number of turns in the search 
coil will depend on the sensitivity of the ballistic galvanometer 
used and on the accuracy with which the test is required to be made. 

The search coil is connected to the ballistic galvanometer BO 
through a suitable resistance of which the value is accurately 
known, and through a double-pole reversing switch RK. A press 
key K is provided by means of which the galvanometer may be 
short-circuited for damping purposes. 

Before commencing the test, the iron ring should be completely 
demagnetised. In order to do this, the switch SW^ is closed and 
the resistance B^ is adjusted so that the current in the magnetising 
coil is about the highest value which can be safely passed without 
burning out the coil. The reversing switch RS is then moved back- 
wards and forwards so that the current in the magnetising coil is 
reversed at the rate of about one cycle per second. Whilst operating 
this reversing switch, the current is gradually reduced by moving 
the sliding contact e along the resistance Ri until eventually, when 
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this sliding contact reaches the end d the current in the coil MC 
will have become reduced to zero. 

Having thoroughly demagnetised the specimen, the test is com- 
menced by adjusting the current in the magnetising coil MC to a 
small value. The magnetisation is then carried through several 
complete cycles by means of the reversing switch R8, thus bringing 
the iron into a cyclic magnetic state, and finishing up with the 
reversing switch on, say, the contacts aa. During this preliminary 
process of bringing the iron into a cyclic magnetic state, the galvano- 
meter key K is in the short-circuiting position as shown in the 
diagram. 

Noting carefully the current in the magnetising coil, the 
galvanometer key K is pressed, the switch R8 reversed on to the 
hh contacts, and the corresponding throw of the galvanometer is 
noted. 

As checks on the reading, it is advisable to take four distinct 
galvanometer readings for each value of the magnetising current as 
follows : 

(i) Reverse the switch R8 several times, finishing up on 
the aa contacts. With the galvanometer switch RK on the ff 
contacts, reverse the switch R8 from the aa contacts to the hh 
contacts and read the corresponding galvanometer deflection. 

(ii) Reverse the switch R8 several times, finishing up on 
the aa contacts. With the galvanometer switch RK on the gg 
contacts, throw the switch R8 over from the aa contacts to the 
hh contacts and read the corresponding galvanometer deflection. 

(iii) Reverse the switch R8 several times, finishing up on 
the hh contacts. With the galvanometer switch RK on the ff 
contacts throw the switch R8 over from the hh contacts to the 
aa contacts and read the corresponding galvanometer deflection. 

(iv) Reverse the switch R8 several times, finishing up on 
the hh contacts. With the galvanometer switch RK on the 
gg contacts, throw the switch R8 over from the hh contacts 
to the aa contacts and read the corresponding galvanometer 
deflection. 
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The mean value of these four readings may be taken as the 
true galvanometer deflection for this value of the magnetising current. 

The magnetising cmrent is then increased to the next suitable 
value and after reversing the switch BS several times, the above 
detailed set of four galvanometer readings may be taken for this 
new value of the magnetising current. 

In this way, the necessary readings for the complete B:H curve 
may be taken. 

After reaching the highest value of the magnetising current Ii 
to which it is desired to go, readings may be taken for a series of 
gradually decreasing values of the magnetising current and the 
B:H curve so obtained should be practically coincident with that 
obtained for the series of gradually increasing values of the mag- 
netising current. 

If 0 is the mean value of the galvanometer throw for any given 
value 1 1 of the magnetising current, it is necessary to find the 
logarithmic decrement A for the galvanometer deflection. The 
value of A is dependent on the value of the galvanometer resistance 
iJj, and every time this resistance is altered the corresponding value 
of the logarithmic decrement must be determined. 

If 0 is the corrected value of the galvanometer deflection, that 
is, 0 is the undamped throw, then (see § 52) 

<9 - e (l + I) 

Now since the galvanometer throws are due to the reversal of 
the current in the magnetising coil, the flux change in the ring 
to which the galvanometer throw is due will be twice the flux due 
to the magnetising current I^. That is to say, if + is the flux 
in the ring due to the current + Ii in the magnetising coil MC, 
then when the current is reversed from + /i to — /i, the flux 
changes from + <Z> to — <1>, that is, by an amount 20. 

If 1 1 amperes is the magnitude of the magnetising current, 

Wx is the number of turns in the magnetising coil, 

Wi is the number of turns in the search coil. 
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-Ba ohms is the total resistance of the galvanometer circuit 
inclusive of the resistance of the galvanometer itself, 

Im cms. is the mean length of the magnetic circuit in the iron, 
that is, n X (mean diameter), 

A sq. cms. is the cross-sectional area of the iron circuit. 



Fig. 90. 


The induction B due to the magnetising current is therefore 
given by 

B X A = 0 

and ^ ^ g 


where 6 is the galvanometer constant (see Chapter, IV, § 53). 


Also, 


„ 1-257 /i Wi 


gauss 


as explained above. 
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56. The Determination of the Hysteresis Loop for Iron by 
the Method of Reversals 

The diagram of connections for this test is shown in Fig. 90. With 
the switching arrangements provided, the part of the loop shown by 
mn (Fig. 91) is obtained from one series of switching operations and 
the part shown by nl from another series of switching operations. 

An important feature of 
If" the test is that after the 
readings for any point of the 
loop have been taken, the 
switching operations carry 
the magnetisation of the iron 
through a complete cycle so 
that the iron is maintained 
in a “ cyclic state.” 

In this test a shunt switch 
8 w 2 is provided, by means of 
which a part of the current 
may be diverted from the 
magnetising coil MG. For 
example, when the reversing 
switch RS is on the contacts 
aa, and the shunt switch Sw^ 
is open, the whole of the 
current from the mains passes 
through the magnetising coil 
MG. If, however, the shunt switch is moved on to the p contact, 
a portion of the cmrent is diverted from the magnetising coil MG 
into the shunt resistance R^. 

Similarly, if the reversing switch R 8 is on the contacts hb and 
the shunt switch 8 w 2 is on the contact q, the resistance R^ becomes 
a shunt to the magnetising coil MG. 

Preliminary Adjustments 

(i) With the switch 8 w 2 open, place the reversing switch 
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Its on the aa contacts. By means of the adjustable resistances 
i?! and set the magnetising current to give the required 
maximum value ym of the magnetising force H, 
where 

H — 1*257 /i ^ gauss 
as in the previous test. 

(ii) Adjust the ballistic galvanometer series resistance i?a 
so that a suitable deflection of the galvanometer is obtained 
when the maximum value of the magnetising current is reversed 
by nxeans of the reversing switch RS. 

Switching Operations for Obtaining the Portion mn {Fig. 91) 
of the Hysteresis Loop 

By a preliminary trial adjust the shunt resistance R^ so that 
the current in the magnetising coil MG ia reduced to the desired 
value, say, cP, Fig. 91, when the switch Sw^ is placed on the p 
contact, the switch RS being on the aa contacts. 

(i) Place the reversing switch RS on the aa contacts, the 
switch Swz being open. 

(ii) Press the galvanometer key K. 

(iii) Move the shunt switch Sw^, quickly over to the p 
contact and read the galvanometer “ throw ” thereby obtained. 

(iv) Release the key K. 

(v) Reverse the switch RS on to the hh contacts. 

(vi) Open the switch Sw^. 

(vii) Reverse the switch RS on to the aa contacts, thus 
bringing the magnetisation of the iron ring back to the original 
condition given by m. Fig. 91. 

Other points on the portion mn of the loop may be obtained by 
suitable adjustments of the shunt resistance R^. 

Switching Operations for Obtaining the Portion nl {Fig. 91) 
of the Hysteresis Loop 

(i) Place the reversing switch RS on the aa contacts, the 

switch Swi being open. 

11 
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(ii) Place the shunt switch Sw^ on the q contact. 

(iii) Press the galvanometer key K. 

(iv) Move the reversing switch RS sharply over on to the 
bb contacts and read the galvanometer “ throw.” 

(v) Release the key K. 

, (vi) Open the shunt switch Sw^. 

(vii) Reverse the switch RS on to the aa contacts, thus 
bringing the magnetisation of the iron ring back to the original 
condition given by m in Fig. 91. 

If the diagram of connections. Fig. 90, is traced out in con- 
junction with the above detailed switching operations, it will be 
seen that operation (iv), in conjunction with operation (ii), reverses 
the current in the magnetising coil from the original positive value 
corresponding to my, to some negative value corresponding to, say, 
dQ or fT. 

In this way the whole curve mPQTl is obtained. The half loop 
IP'Q'T'm is then drawn as an exact copy — ^the point P' correspond- 
ing to P, the point Q' to Q, the point T' to T, and so on. 

If 01 is the first “ throw ” of the galvanometer, and X the value 
of the logarithmic decrement when the known resistance Rz is in 
series with the galvanometer, then the corrected value of the galvano- 
meter throw is 

(i + l) 


The change of flux density in the iron ring to which the “ throw ” 
is due is then, say, for the point P, Fig. 91, 




R^be 

Awi 


108 


or, the flux density for the point P is 


Bp = B„— lines per sq. cm. 

where is the flux density corresponding to the tip m of the 
hysteresis loop. 
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Practical Note . — If the direct current supply (see Fig. 90), has 
its negative pole earthed, or nearly earthed, it is advisable to conneet 
the resistance Ri on the positive side of the supply mains. In this 
way, troublesome leakage currents through the galvanometer may 
be largely eliminated. 


57. “ Step-by-Step ” Method 

This method for determining the magnetisation curve and the 
hysteresis loop consists in suddenly increasing the magnitude of 
the current in the magnetising coil step by step, and measuring 
the throw of the galvanometer for each increment of the 
magnetising current. The specimen must be first thoroughly 
demagnetised, preferably by means of an alternating current 
of low frequency which can be very gradually reduced to 
zero. 

For most practical purposes, this method is not so easy to carry 
out as the method of reversals, and, moreover, it has the dis- 
advantage that any error made in the measurements for the low 
values of the magnetising current is carried right through the test. 
In the method of reversals, however, each point is taken inde- 
pendently of the others and any error made in the determination of 
any one point afiects that one point only. 

A magnetisation curve taken by the step-by-step method may 
differ appreciably from the curve as determined by the method 
of reversals in so far as low values of the magnetising force are 
concerned, viz., for values from H == 0 to about H = 3 to 4 gauss. 
For very low values of H, the magnetisation curve determined by 
the step-by-step method may give values of B which are some 
hundreds per cent, higher than the corresponding values of B 
obtained by the method of reversals. The reason for this is not 
altogether clear, but it would appear to be an example of magnetic 
viscosity (see Chapter IV, § 36). Further reference to this difference 
between the magnetisation curves as taken by the two methods is 
made in Chapter V, § 40. 
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58 . The Determination of the Magnetisation Curve by the 
Step-by-Step Method 

Having thoroughly demagnetised the specimen, suppose that, 
as a first step, the magnetising current is suddenly increased from 
zero to the value amperes, so that the value of the magnetising 
force is thereby suddenly increased from 0 to Hi, and suppose 
that the corresponding throw of the galvanometer shows that the 
magnetic induction has been increased from 0 to If the values 

of Hj and be plotted, the first 
point a of the magnetisation curve is 
obtained as shown in Fig. 92. 

Now let the magnetising current 
be suddenly increased from the value 
1 1 amperes to amperes, the mag- 
netising force being thereby increased 
from Hi to Hj. Let the correspond- 
ing throw of the galvanometer show 
that the value of the magnetic induc- 
tion has been increased to Hj, that 
is, an increment of — Hi. If this 
increment of the induction be plotted 
Fio. 92. vertically upwards from a (see Fig. 

92), and the increment of the mag- 
netising force Hi — Hi be plotted horizontally from a, the next 
point h on the magnetisation curve is obtained. 

By proceeding in this way, the whole magnetisation curve may 
be plotted step-by-step. 

The diagram of connections is shown in Fig. 93. The specimen 
is shown in the form of a ring, the magnetising coil is shown at 
MG, and the search cod at SC. The d.c. supply, preferably a 
battery of accumulators, is connected through a switch Sw to a 
suitable resistance Hg which is provided with a number of tapping 
points, thus dividing the whole resistance into a series of steps 
which are so proportioned that the requisite increments of mag- 
netising current may be obtained. The number and magnitude of 
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the resistance steps in any particular case depend upon the winding 
data of the magnetising coil and the search coil respectively, and 
also on the dimensions and magnetic quality of the specimen. It is 
preferable to find suitable values for the number and size of the 
resistance sections by means of a preliminary test. 

A reversing switch RS is also pro- 
vided, but for the magnetisation curve 
test this switch need not be operated as 
a reversing switch, but may remain, say, 
on the cc contacts. The magnetising coil 
MC of the specimen is connected through 
an ammeter Am and a series resistance i?i 
and the search coil SC is connected 
through a series resistance to the re- 
versing key RK of the ballistic galvano- 
meter BO. 

59. The Determination of the Hysteresis 

Loop by the Step-by-step Method 

In order to obtain the hysteresis loop 
the following procedure may be carried 
out. 

Having taken the magnetisation curve 
to the point corresponding to the value 
Bmax. for which the hysteresis loop is to be 
obtained, the magnetising current is then Fig. 93. 

suddenly reduced by moving the switch 

contact S; the magnetising force is thereby reduced from the 
value to some lower value Hd, Fig. 94. The throw of the 

galvanometer due to this reduction of the magnetising force then 
gives the corresponding change hD in the induction and thus the 
point D on the hysteresis loop is obtained. To obtain another point 
O, the current is suddenly reduced by moving the contact arm S on 
to another stop, thereby reducing the magnetising force to some value 
Hq. The change in induction cG due to the change in the magnetising 
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force from Hd to Hq is then plotted downwards (see Fig. 94), thus 
giving the point O. 

In a similar way, other points on the branch AL oi the loop may 
be obtained. When the point L has been obtained, the magnetising 
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current has been reduced to zero, and the switch contact arm 8 
will be on the left-hand end contact of R^, Fig. 93. 

For points corresponding to negative values of the magnetising 
force, that is, for points on the branch LM, Fig. 94, the switch R8, 
Fig. 93, is placed on the contacts 66 and the current suddenly 
increased by moving the contact arm 8 step by step towards 
the right, thus increasing the magnetising current in the negative 
direction. 



CHAPTER XI 


BAR AND YOKE METHOD OF MAGNETIC TESTING : THE 
BURROWS DOUBLE BAR AND YOKE PERMEAMETER 

The methods of testing considered in this chapter are suitable 
for a range of values of the magnetising force H up to about 300 to 
400 gauss. The sample to be tested is usually in the form of a rod 
of about 1 cm. diameter, and about 20 to 30 cms. in length. 


Side Elevation. 


End Elevati o n. 



Fig. 95. 


60. Bar and Yoke Method 

In this method the specimen to be tested is fitted in a massive 
yoke which forms the return path of the magnetic circuit through 
the specimen. 

A convenient form of yoke is one which is made in two halves 
and the rod which is to be tested is clamped between them. In 
Fig. 95 is shown a drawing of such a bar and yoke apparatus. A 
magnetising coil is provided and a search cod s as shown. 

The magnetising coil is wound so that it is as long as the free 
space between the cheeks of the yoke as shown in Fig. 95. 

If the magnetising solenoid were of very great length as compared 
with its diameter, the value of the magnetic force at the central 
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part of the test rod could be obtained directly from the 
relationship 

magnetic force = 1*257 [ampere-turns per cm. length of 

the solenoid] 

(see also Chapter IX, § 53). 

In the practical form of the bar and yoke apparatus, however, 
the solenoid is not of sufficient length to make this relationship 
applicable without a correction. The correction necessary depends 
upon the joints between the yoke and the test piece as well as the 
effects of the ends of the solenoid winding itself. The following 
investigation shows the nature of the correction which has to be 
applied. 

Let Wi be the number of turns in the magnetising coil, 

Z, cms. be the free length of the specimen between the cheeks 
of the yoke, 

Af sq. cms. be the cross-sectional area of the specimen, 
ly cms. be the mean length of the magnetic path in each 
half of the yoke. 

Ay sq. cms. be the cross-sectional area of each half of the yoke, 
fi, be the permeability of the specimen, 

Hy be the permeability of the yoke, 

d cms. be the effective total length of the two air gaps at 
the joints between the yoke and the two clamped ends 
of the specimen. 

Ay sq. cms. be the total effective area of each joint between 
the yoke and the clamped ends of the specimen. 

H' gauss be the calculated value of the magnetising force 
in the specimen due to the magnetising coil, 

H gauss be the actual (i.e., corrected) value of the magnetis- 
ing force in the specimen, 

B lines per sq. cm. be the magnetic induction in the specimen 
due to the actual magnetising force H, 

<P be the total magnetic flux through the specimen, 

1 1 amperes be the current in the magnetising coil. 
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Then 


and 


w^I X _ j,20 ^i-^i 
10 If If 


0 = 


1’26 Will 

+ 4 + 


(see. Chapter I, § 9). 
also 

and 


therefore 


that is, 


Writing this 


H = 


H = 


Af/^f 


0 = BAf 


B 


0 1*26 Will 

AffXf s 


2Ay/<y 


1’26 Wi/i 


*' [‘ + (5 x; + 1 ^)] 


„ _ 1*26 Will 

^ - IfllT^K) 


and making use of the Binomial Theorem, it is seen that 

H — (\ — K) very approximately, if K is small. 


Hence, 


H = H' - H'K 


That is to say, the actual value of the magnetising force in the 
specimen is less than the value as calculated from the ampere turns of the 
magnetising coil per cm. length of the specimen. 

The expression for H may now be written 


H =H' 


H'fi 


(d Af 
' \lr Ay 


+ h A- i'\ 

fl. Ay fly) 
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In order that the assumption that A is a small quantity shall be 
reasonably true, the quantity in braekets must be small. Now by 
making the joints between the specimen and the yoke well ground 
and tight fitting contacts, and by having a substantial length of the 
rod at each end in contact with the yoke at the respective joints, 
the value of d becomes small and Ag becomes large, so that the first 
term of the bracketed expression will be small. Further, by making 
the yoke of large cross-section, say Ag = (20 to 30) A„ the ratio 

~ will be small. The induction in the yoke will then be small 

Ag 

and the permeability iig will remain reasonably constant, so that the 
expression for the magnetising force may now be written 

H - H'nrC, 

in which (7 is a constant. 

Now the magnetic induction in the specimen will be 

B = H'flr 

to a close degree of approximation if H' is not greatly different from 
H, that is, if the correction for H is small. 

Hence 

H = H' — BG very approximately, 
where G is a constant. 

In order, therefore, to obtain the correct value of the magnetising 
force H from the calculated value H', the following construction 
may be used : Suppose in Fig. 96 the dotted B : H curve represents 
the relationship between B and H'. From the origin 0 draw the 
straight line OA at an angle a such that tan a. = C. Then for any 
point a' on the dotted B : H curve, the corresponding point a on 
the corrected curve is obtained by drawing a horizontal line a'c 
parallel to the axis of H and marking off a'a = he. Similarly, for 
any other point d' on the dotted curve, the corresponding point d 
on the corrected curve may be obtained by marking off d'd = gh. 

In practice, the magnitude of the constant C may be obtained 
by making a test on a standard specimen of which the true B : H 
curve has been obtained by some other method. By comparing 
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the B : H curve as obtained on the standard specimen by means of 
the bar and yoke apparatus and the correct curve as obtained by 
some standard method, for example the Burrows’ Permeameter (see 
§61, below), the slope of the line OA in Fig. 96 is at once determined, 
and can then be recorded as a constant of the apparatus. 

61 . The Burrows Double Bar and Yoke Permeameter 

This apparatus has been described by C. P. Burrows in the 
Bulletin of the Bureau of Standards, Vol. VI, No. 1, Reprint No. 117. 
It comprises, in addition to the 
rod under test, a second rod of 
dimensions similar to those of 
the test-piece. Each rod is 
provided with a magnetising 
solenoid. The two solenoids are ■f 
precisely similar to one another * . 
and are arranged side by side, ^ 
the projecting ends of the two 
rods being clamped between 
heavy iron yokes. 

This type of permeameter 
has been used by T. D. Yensen 
for a large number of experi- 
ments and the detailed informa- 
tion of the apparatus as used in 
those experiments is given in Bulletin No. 72, Engineering Experi- 
mental Station, University of Illinois. The data given in the following, 
as well as the corresponding drawings, have been prepared from the 
information contained in that report. 

In Fig. 97 is shown the permeameter in elevation and part 
sectional plan. The specimen to be tested is shown at T as a rod 
1 cm. diameter, and about 30 cms. long. The magnetising solenoid 
for the specimen is shown at 8. The magnetic circuit through the 
test-piece T is completed through the massive yokes F and through 
a second rod X which is of the same dimensions as the test-piece T. 
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The solenoid D through 
which the rod X passes 
is precisely similar in 
size and winding data 
to the solenoid S. 

Four compensating 
coils G are connected 
in series with each 
other and arranged at 
the respective ends of 
the solenoids 8 and D, 
as shown in Fig. 97. 
The four coils C are 
excited from an inde- 
pendent battery and 
each of the solenoids 8 
and D is also excited 
from an independent 
battery, as shown in 
Fig. 98. 

Search coils are pro- 
vided and arranged as 
follows : 

(i) A main search 
coil s which is used 
for measuring the 
flux through the test- 
piece T. This coil 
has 126 turns of No. 
30 B. & S. gauge {i.e., 
0-01 in. diameter 
bare) double silk- 
covered copper wire. 

(ii) Two equal 
search coils c, ar- 


Fic. 97. 
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ranged one at each end of the solenoid S. Each of these search 
coils has 63 turns of No. 30 B. & S. gauge double silk-covered 
copper wire. 

(iii) A search coil d situated at the central part of the solenoid 
D and close to the rod X. This search coil has 126 turns and 
is precisely similar in every respect to the search coil s. 


An essential feature of the use of this permeameter is that the 
necessary adjustments shall be made to ensure that the flux through 
each of the search coils s, c and d is the same. This adjustment 
is to be made each time that a reading of the flux through the test- 
piece T is required. 

Having obtained this adjustment, it is permissible to assume 
that the magnetic flux is the same throughout the magnetic circuit 
of the permeameter. That is to say, no corrections are necessary to 
allow for leakage (and consequent free magnetism) at the joints 
between the yokes and the rod T and also between the yokes and 
the rod X. 

It is, however, desirable to calculate the effect of the two ends 
of each of the solenoids 8 and D and also the four ends of each of 
the compensating coils C, on the magnetic intensity at the point 0 
(see Fig. 99) in the test-piece, viz., at the central part of the test- 
piece through which the induction B is to be measured from the 
reading of the search coil s. 

The determination of the magnetic intensity H at, and in 
the neighbourhood of, the point O (Fig. 99) is obtained from the 
expression 


H = 


4^1 IV j 

rcH 


where w is the total number of turns in the winding of the solenoid 8, 
I cms. is the length of the solenoid 8, 
and I amperes is the current in the solenoid 8. 

This result is true for an infinitely long solenoid (see also Chapter 
IX, § 53). For a solenoid of finite length a correction is necessary. 
Since there are four compensating coils G and one solenoid D in 
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addition to the solenoid S, it is necessary to ascertain the correction 
to be applied to the expression for H so that the effects of the ends 
of all these coils may be obtained. 

The method of determining these corrections is given in § 62 below, 
but as it is found that the resultant correction is very small with 
this design of the permeameter, it may be neglected in most cases. 

The calibration of the galvanometer is made by means of a mutual 
induction as explained in § 63 below. 

Each of the solenoids 8 and D has 10 layers with 7*875 turns 
per cm. in each layer, of No. 18 B. & S. gauge (i.e., diameter bare, 
0*0403 in. double cotton-covered copper wire. There are thus 78*75 

turns per cm. length of the solenoid winding, so that j = 78*75, and 

i 

hence 

H 78*75 / 

that is, 

H = 99 1 gauss 

I. To Determine the Magnetisation Curve . — The diagram of con- 
nections is given in Fig. 98. In this test, the switches Swg, Swj, and 
Swc are kept closed throughout. 

The first procedure is to ensure that the magnetic flux through 
each of the search coils s, d and c is the same for a given value of the 
magnetising force H within the specimen. 

With a known value of the current in the magnetising solenoid 8, 
and with the galvanometer switch 8wo on the contact d, thus placing 
the two search coils s and d in opposition, the current in the solenoid D 
can be so adjusted that when the switches R8s and R8j) are reversed, 
there will be no throw on the ballistic galvanometer. In order to 
increase the sensitivity of the galvanometer for this test, the series 
resistance may be short-circuited by the key Since the number 
of turns in each of the coils s and d is the same, it follows that the 
flux is the same through each of these search coils when the galvano- 
meter shows no deflection on the reversal of the current in the two 
solenoids 8 and D. 
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Next, by placing the galvanometer switch Swg on the contact c, 
the search coil s is placed in opposition to the search coils c (see Fig. 
98). The current in the compensating coils C is then adjusted so 
that on reversal of the switches BSg, BSj), ESg, there is no throw 



on the galvanometer. Since the total number of turns in the two 
search coils c is the same as the number of turns in the search coil s, 
the flux through all these coils will be the same when reversal of the 
currents in the coils C and the solenoid S gives no deflection of the 
galvanometer. 

Before taking a reading of the throw given by the search coils 
in order to obtain the value of B, the coupled set of switches 
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RSj), RSc should be reversed a number of times in order to ensure 
that the iron has been magnetised to a true cyclic condition. After 
this has been done, check readings should be taken with the galvano- 
meter switch Swo on the contacts d and c, respectively, to ensure 
that the total magnetic flux through all the search coils is the same 
beforQ an actual reading of the magnitude of the flux through the 
search coil s is made. 

Instead of reading the current in the solenoid winding S by means 
of an ammeter, a shunted millivoltmeter is used as shown in Fig. 98. 
Three shunts are provided, each with a separate switch. The three 
shunts are so adjusted that if the shunt switch number 1 is closed, 
the reading of the millivoltmeter is equal to 10-ff, if the shunt switch 
number 2 is closed, the reading of the millivoltmeter is equal to H, 
whilst if the shunt switch number 3 is closed, the reading of the 
millivoltmeter is equal to 0’25 H. 

Having made all the necessary adjustments, the galvanometer 
switch Sivq is placed on the contact s and the galvanometer throw 
measured when the switches RSg, RS^ and R8c are reversed. 

All the switching operations requisite for taking the magnetisation 
curve of the specimen are performed by the use of rocking mercury 
switches. 

By means of this permeameter it is possible to determine the 
magnetisation curve for values of H up to about 300 to 400 gauss. 

II. To Determine the Hysteresis Loojj. — For this test, the switches 
Sws, Swj), Stvc are brought into operation. Let be the value 

of the magnetising force corresponding to the tip of the hysteresis 
loop which it is desired to trace. The switches Swg, Swj), Swe are, 
in the first place, kept closed and the resistance Rs is adjusted so 
that the current in the solenoid S gives the required value of 
The resistances R^ and Rc are then adjusted so that the flux is the 
same throughout the magnetic circuit as tested by the search coils s, 
d and c, as before. Each time an alteration of one of these resistances 
is made, and before making the test with the search coils s, d and c, 
the reversing switches RSg, RSof and RSc should be operated 
several times in order to ensure that the iron circuit is in a cychc 
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magnetic condition. The settings of the resistances Rg, Rd, and Rp 
are then left unaltered throughout the measurements for the points 
on the loop. 

Suppose that it is desired to determine a point such as P (Fig. 91) 
on the loop for some value of the magnetising force Hp which is 
between O and The switch Swg is opened and adjustment of 

the resistance Rgi is made so that the current in the solenoid S corre- 
sponds to the value Hp for the required point P on the loop (Fig. 91). 
With the switches Swg, Swp and Swc closed, the reversing switches 
are operated several times to bring the magnetic circuit into the 
cyclic state. 

Adjustment of the resistance Rpi is then made so that, with 
the search coils s and d in opposition, no throw of the galvanometer 
is obtained when the switches Swg, Swp and Swc are suddenly opened. 
Similarly, adjustment of the resistance Ra is made so that there is 
no galvanometer throw when the switches Swg, Swp and Swc are 
suddenly opened. After each adjustment of the resistances, the 
switches Swg, Swp and Swc are closed and the hysteresis loop is 
passed through several times by means of the reversing switches 
RSg, RSp and RSc before making the test with the search coils s, 
d and c. 

Having made the necessary adjustments as described, and the 
switches Swg, Swp and Swa being closed, the galvanometer switch 
Swg is placed on the contact s, and the galvanometer throw is observed 
when the switches Swgy Swp and 8wc are simultaneously opened. 

In order to obtain points on the hysteresis loop between n and I 
(Fig. 91), the reversing switches RSg, RSp and RSg are thrown over 
simultaneously with the opening of the switches Swg, Swp and Swg, the 
preliminary adjustments being precisely the same as before. In 
this way, the value of the magnetising force is changed from 
to some negative value, e.g., fT (Fig. 91), thus giving a point T on 
the hysteresis loop. The tip I of the loop (Fig. 91) is of course obtained 
from the throw of the galvanometer when the switches Swg, Swp 
and Swc are kept closed and the switches RSg, RSp and RSg are 

thrown over. 

12 
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62. Corrections for the End Efiects of the Main Solenoids S and 
D and for the Four Compensating Coils C of the Burrows 
Permeameter 

The value of the magnetic force at the centre 0 within a solenoid 
core is 

TT 4 ^ 7/) -r 

^ ^ To I 

if the length I of the solenoid is great as compared with its diameter. 

In this expression, the solenoid winding is assumed to be uniform 
throughout the entire length and is wound with a total of w turns, 

i.e., wjl turns per cm. 
of its length. The 
current in the solenoid 
winding is I amperes. 

When the solenoid 
is of finite length, this 
expression requires a 
correction to obtain 
the true value of H at 
the central part within 
the core of the sole- 
noid. For example, 
the ends of the sole- 
noid produce an effect 
at a point 0 within the core, similar to that produced by the 
poles of a bar magnet at a point within the magnet, that is to 
say, a demagnetising effect is produced (see Chapter I, § 9). The 
correction coefficient for a solenoid which is not of indefinitely great 
length is given in Chapter IX, § 53. 

In the following, the corrections for the value of H will be found 
not only in respect of the solenoid 8, but also in respect of the 
solenoid D and the four compensating coils G, 

Referring to Fig. 99, the data necessary for calculating each of the 
specified corrections are given. The correction in respect of the 
ends of the solenoid D is given in a form different from that previously 
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given in Chapter IX and the two forms of this correction factor should 
be compared as, of course, they should be found to lead to the same 
result. 

(i) Correction Due to the Two End Ag of the Solenoid S. — 

Let r cms. be the mean radius of the winding of the solenoid S, 

I ,, be the overall length of the solenoid winding, 

, s r 2r 

**"*“P = T 

The correction to the value of H at the centre 0 of the solenoid S 
due to each end is 

-2^s = - 1(1 - COS d) H 

That is to say, the effect of each end is to decrease the magnitude 
of the magnetic force, as calculated for a very long solenoid, by the 
amount Jds, so that the total correction for the two ends of the 
solenoid S is 


= — (1 — cos d)H 


Now 

■ 1 + tan* ^ 


so that. 

COS 6 == (1 + tan^ 


that is. 



cos d = (1 - 

- 1 tan^ 8 + 1 tan'* 8 — jf'g tan® 8 + . 

• .) 


Hence, the correction for the two ends of the solenoid S is 
As^ - H{1 tan2 ^ _ | tan^ <5 + tan^ 8- .. .) 

that is, 

(10“ - 2 (|)‘ + A (?)* - ■ ■ ■] 

Taking as an example, the numerical data given in Figs. 97 and 
99, viz. : 

2r = I (3-96 + 1-59) = 2-77 cms. I = 22*8 cms. 
j = 0-121 : (jy = 0-0147 : (^y = 0-000216 
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The total specified correction for both ends is therefore 


As= - 0 0072 H. 

(ii) Correction Due to the Two Ends Ad of the Solenoid D. — The 
effect of the ends of the solenoid D on the magnetic intensity at 0 
is opposite to that of the ends of the solenoid S. That is to say, the 
ends of the solenoid D increase the magnetic intensity at O. The 
magnitude of the total correction due to the two ends of the solenoid 
D may be expressed as follows : 



where cms. is the distance of the centre of the end of the solenoid D 
from the point 0 (see Fig. 99), and r cms. is the mean radius of the 
winding of the solenoid D. The two solenoids S and D are identical 
in every respect, so that 

r = 1-38 cms. as before : 


also 


x^ = 13*4 cms. 


and hence, 

(Ly = 0 0106 : = 0 00012 


The quantities Pi, P 3 , Pj, . . . are the zonal harmonics of cos a 
(see Fig. 99). 

Now 

a = 31-5° 


cos a = 0'8526 


= cos a = 0-8526, 


P 3 = (5 cos2 a - 3) = 0-426 (3-64 - 3) = 0-275 


P 5 ~ (03 a — 70 cos^ a + 15) 

8 

= 0-106 (63 X 0-53 - 70 x 0-73 + 15) 

= 0-106 (33-4 - 51-1 + 15) = 0-106 (- 2-7) = - 0-286 
therefore 

= 4. P[i X 0-0106 X 0-8526 - i x 0-000112 x 0-275 + . . .] 

= rf H 0-0045 
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(iii) Correction Due to the Two Ends of the Compensating 
Coils C. — Referring to Fig, 99, it will be noticed that the two ends 
A Cl of the compensating coils C situated on the solenoid S produce a 
weakening effect on the magnetic force at 0. The magnitude of 
this effect is obtained in a similar manner to that due to the ends of 
the solenoid 8. 

Let r^ cms. be the mean radius of the winding of the compensating 
coils C, 

„ ~ cms. be the distance of the ends Ad from the point 0, 

then the total amount of the correction due to the two ends Ad is 


But 

and 

therefore 


2re = I (6-35 + 3-96) = 5*15 cms. 
I = 22*8 cms. 



0-051 


and hence, 
that is 



0-0026 


= - H(0-0255 - 0-000975) 


= - 0 0245 H 


(iv) Correction Due to the Two Ends of the Compensating 
Coils C. — This correction is positive, that is, the effect is to increase 
the intensity of the magnetic field at 0, Fig. 99. 

If IJ2 cms. be the distance of 0 from each of the ends A^, that 
is, in this case 1^ — 18-6 cms., the total correction due to these two 
ends is 
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but 


therefore, 


(^r\^ _ / 515\2 

\\) “Vl8-6^ 

( 1 y = 


0-077 


^Ao^= + ^[0-0385 - 0-00221] 

= + 0-0363 H 


(^) OoTTection Due to the Two Ends of the Compensating 
Coils C. — The correction due to these two ends is again positive, 
that is, the intensity of the magnetic force at 0 is increased, due to 
the effect of these two ends. The magnitude of the total correction is 



whore 


Tg = 2-57 cms. 


0-00137 


Xg — 13-4 cms., 

^ G.y 

and Pi, Pg, . . . are the zonal harmonics of cos a. 

Now the angle a in this case is equal to 31-5° and hence. 

Pi =- cos a = 0-8526 


Pz = ^^2 * a - 3) = 0-275 

The magnitude of the total correction due to these two ends is 
therefore 

= + P[| X 0-037 X 0-8526 - | x 0-00137 x 0-275 + . . .] 

- + 0-0156 H 


(vi) Correction Due to the Two Ends of the Compensating 
Coils C. — ^The correction due to these two ends is negative, that is, 
the effect is to weaken the intensity of the magnetic force at O. The 
amount of this correction is 




BAR AND YOKE METHOD OF MAGNETIC TESTING 183 


where 

— 2'57 cms., — 11 '65 cms. 

= 00488 : = 000239 

and Pi, Pg, ... are the zonal harmonics of cos (5 (see Fig. 99). 

Now 

(i = 37-0° 
cos p = 0’7986 

Pi = cos p = 0-7986 

P3 = (5 cos2 p - 3) = 0-0755 

Zi 

The total amount of this correction is therefore 

dc4 = [i X 0-049 X 0-798 - i X 0-0024 x 0-0755 + . . .] 

= - H(o"oi96 - 0-000068) 

= - 0-01953 H 

The total amount of the correction due to the twelve ends As, 
Aj), A Cl, A 02, A C3, Ac is therefore 

A — (dg + dj)) + (d^p, + A^^ + d^p, + d^p,) 

that is 

A = + H [{ - 0-0072 + 0-0045) + ( - 0-0245 + 0-0363 + 0-0156 - 
0-0195)] 

= + 0-0052 H 

In determining the magnitude of the total correction due to the 
eight ends A 01, Ac2. Acs, ^C4 of the compensating coils G, viz. : 
+ 0-0079 H, it has been assumed that the same current flows through 
these coils as through the solenoids S and D. If the current in the 
compensating coils is y times the current in the solenoids S and D, 
the amount of the correction due to these ends of the compensating 
coils will be y times as great as the value given above, that is, the 

correction will be in this case + y (0-0079 H). 

From tests made with the permeameter detailed in Figs. 97 and 
99, it has been found by T. D. Yensen that for a magnetic specimen 
having the highest values of permeability commonly found the 
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current in the compensating coils C may he 5 times as large as the 
current in the main solenoids S and D, The maximum value of the 
total correction, therefore, that is likely to be necessary in determining 
the magnitude of the magnetic force H at the central part 0 of the 
solenoid S is 

= - (0-0027 + 0-0395) H 
== + 0-037 H 



It is therefore clear from these results that for ordinary iron 
the value of the magnetic force H at the central part O of the solenoid 
S as calculated from the relationship 


H 


^71 W j 

10 T 


is correct to about 0-5%, whilst for the highest permeability iron 
the error is under 4%. The error in each case is such that the value 

4 ^ %JO 

of H as calculated from the expression jl is too small. 

lU t 


63. Calibration of the Ballistic Galvanometer for the Burrows 

Permeameter Test 

The ballistic galvanometer is calibrated by means of the mutual 
inductance shown in Fig. 100. The primary winding has, per cm. 
length, 7-87 turns of copper wire No. 18 B. & S. gauge, and the 
secondary winding consists of 10 layers of 126 turns per layer of 
copper wire No. 30 B. & S. gauge. The total number of turns in 
the secondary winding is therefore 1260. 
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If a current of /p amperes is sent through the primary winding, 
the value of the magnetic force at the central part within the primary 
winding will be 

H = ^ 7-87 Ip gauss, 

if the length of the solenoid is great compared with its diameter. 

As the actual solenoid is not of very great length (see Fig. 100), 
it is necessary to obtain the correction due to the ends of the solenoid. 
This is found in a precisely similar manner to that in which the 
correction was found for the ends of the solenoid S in the permeameter 
(Figs. 97 and 99). 

For the data given in Fig. 100 the total correction for the two 
ends of the primary winding of the mutual inductance is 


rr fi/lOOSY _ 3 /1005V 
K 91-57 


H 0-012 

0-006 H. 


0-000144 + . . .] 


Thus the magnitude of the actual intensity at the central part 
within the windings of the mutual inductance will be 


H Ip 7-87 (1 - 0-006) gauss, 

= 9-83 Ip gauss. 

The magnetic flux threading the secondary winding will be 
0^^ = 9-83 /p Ap lines, 

where Ap sq. cms. is the effective cross-sectional area of the primary 
winding. In this case. 


Ap = I X 10-052 = 79-3 sq. cms., 

so that 

0,, = 9-83 X 79-3 X Ip, 

= 780 Ip. 

Since there are 1260 turns in the secondary winding, the flux- 
linkages of the secondary winding will be 

1260 0„ = 1260 X 780 Ip = 983,000 Ip. 
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If the galvanometer throw is measured when the current Ip in 
the primary winding is reversed, and if 0^ is the magnitude of the 
corresponding deflection as corrected for damping (see Chapter IX, 
§§ 52 and 53), then the deflection 0^ corresponds to 

2 (983,000 Ip) 

— 1‘966 X 10® X Ip flux-linkages, 

or a deflection of one division of the galvanometer scale corresponds to 

I^ flux-linkages. 

Then, if the induction in the test-piece is B lines per sq. cm. 
and the cross-section of the test piece is A 5 sq. cms., and if the galvano- 
meter corrected deflection is 0 when the current in the magnetising 
solenoid 8 of the permeameter is reversed, the flux-linkages will be 

2 P X X 126 = I^ 0, 

since there are 126 turns in the search coil s. This relationship 
assumes that the galvanometer resistance Bq (Fig. 98) is the same 
when the calibrating deflection 0^ is obtained as when the deflection 
0 due to the reversal of the magnetising current in the solenoid S 
is measured. 

Hence 

j. _ /I -966 X ion Ip ^ 

\ 0, ) 2As X 126 

or 

B = 9995 Ip ~ , 

c 

since the diameter of the specimen is 1 cm. and the cross-sectional 
area therefore 

A^ = I X 1-02 

= 0-785 sq. cm. 



CHAPTER XII 

MAGNETIC TESTING IN INTENSE FIELDS 

The methods for magnetic testing hitherto described refer to 
the condition that the magnetising force is not greater than about 
500 gauss. 

If it is desired to make tests in more intense fields, other methods 
or suitable modifications of the foregoing methods must be used. 
In the present chapter reference will be made to three such methods. 

64. I. Ewing’s Isthmus 
Method 

This was the first method 
by means of which intense 
magnetic fields could be pro- 
duced, and Ewing applied 
the method in carrying out 
a number of his classical 
researches. 

The magnetic field is pro- 
vided by means of a power- 
ful electro- magnet. The pole 
pieces arc made in a conical form and the apex of each cone butts 
on the specimen. The specimen thus forms a thin neck or 
“isthmus” between the pole pieces, and a very intense magnetic 
force is thereby produced in the specimen. In one of the electro- 
magnets used by Ewing, the neck was 2-6 mms. in diameter, and 
3’5 mms. long. A magnetic force oi H = 24,500 was obtained in 
this way. 

More recently, Hadfield and Hopkinson * have used the method 
for testing iron and its alloys in intense magnetic fields. 

One of the magnets used by them is shown in Fig. 101, the 
specimen being seen as a small rod (usually about 5 mms. in dia- 

* See Journal of Institution of Electrical Engineers, 1911, Vol. XLVI, p. 235: 
“ The Magnetic Properties of Iron and its Alloys in Intense Fields.” 
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Fig. 101. 
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meter) forming the neck or “ isthmus ” between the conical-shaped 
pole pieces. 

The general details and dimensions of the electro-magnet are as 
follows : The vertical limbs are of rectangular section, 10 cms . by 
20 cms. The pole pieces are cylindrical and are made a good fit 
in hole^ at the top of the vertical limbs, so that they can slide axially 
and be clamped in any position by means of set screws. The yoke 
is wound with about 1600 turns and each pole piece with about 
400 turns of No. 14 s.w.g. wire. 

For producing the highest fields the magnet was fitted with the 
pair of pole pieces shown in Fig. 101. With the tips of these J in. 
apart, and with a current of 30 amperes passing in the coils of the 
magnet, the two parts of which were placed in parallel, a field of 
about 22,000 gauss could be obtained in the space between the 
flat ends of the pole pieces. The distribution of the field was deter- 
mined by means of concentric annular test coils and was found to 
be constant within 1 % over a circle of 2’5 mms. radius. By increasing 
the current to 60 amperes, which, however, could only be kept on 
for a short time, the intensity of the field could be increased to 
25,000 gauss. 

Lower fields ranging up to 10,000 gauss were obtained by 
replacing the conical pole pieces shown in Fig. 101 by a pair of flat 
pole pieces having flat faces 1 in. square. With these placed J in. 
apart with their faces parallel, a uniform field of about 7,000 gauss 
was produced over an area 20 mms. square with a current of 6 amperes 
in the magnet coils. 

The material was for the most part in the form of rods about 
5 mms. diameter. The magnetic test-pieces were turned down from 
these rods into little cylinders ^ in. diameter. They were, in most 
cases, I in. long. 

The testing coil consisted of 16 turns of s.w.g. No. 38 wire wound 
on a brass bobbin which just fitted over the test-piece. A second 
coil, also of 16 turns, was wound outside the first with a layer of paper 
between the surfaces, to measure the magnetising force in the neigh- 
bourhood of the specimen. The effective areas of the test-coils 
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were determined by magnetic measurements as follows : The flat 
pole pieces were fixed in position about \ in. apart, and a coil of 
12 turns, wound on a brass former about 15 mms. diameter, was 
inserted between them. The galvanometer throw obtained with 
this coil when a current of about 6 amperes was reversed in the 
magnet coils was observed. The test-coil was then inserted and the 
galvanometer throw measured with exactly the same exciting current 
in the magnet coils. The area of the larger coil could be accurately 
calculated from its dimensions and that of the smaller coil deduced 
from the ratio of the galvan- 
ometer throws after reducing 
them to the same resistance in 
the galvanometer circuit. 

65. II. Giimlich’s Method for 
Magnetic Testing in 
Fields up to JEf = 6,000 

The general arrangement 
of the apparatus for this 
method is shown in Fig. 102. 

A ring yoke YR (Fig. 102) 
is fitted with pole pieces PP 
of soft iron and arranged dia- 
metrically opposite to each other. Each pole piece is 25 mms. in 
diameter and the distance apart is 12 mms. The inner end of each 
pole piece is bored with a hole of 6 mms. diameter to a depth of 
about 6 mms. 

The specimen T which is to be tested is fitted in these holes as 
shown in Fig. 102. The magnetising coil is shown at M. A search 
coil 8C provided and is arranged at the central part of the specimen 
and comprises 4 coils, each of which consists of one layer of 40 turns 
of silk-covered copper wire. The respective coils are separated by 
layers of paper. A diagrammatical sketch of the search coils is 
shown in Fig. 103, in which the approximate dimensions are also 
given. 
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- 1 2 m jn.- 


The test comprises (i) the measurement of the magnetic intensity 
H, and (ii) the measurement of the magnetic induction B. 

(i) The Measurement of the Magnetic 
Intensity H. — 

Let the search coils be numbered 1, 
2, 3 and 4, respectively. 

The value of the intensity H for any 
given value of the magnetising current is 
measured by connecting the search coils 
in opposition in pairs as follows, viz. : 

Coils 1 and 2 ; 2 and 3 ; 3 and 4. 

Let S, sq. cms. be the area of the specimen under test, 



Fig. 103. 


s, 

s. 


search coil 1, 

9 

99 99 ^9 

55 55 3 , 

4 

55 55 “• 


Y. 





Fio. 104. 


Now, referring to Fig. 104, the radial distances from the surface 
of the specimen are measured along the abscissa axis OX. The 
distances of the respective search coils from the surface of the 
specimen are denoted by the numerals 1, 2, 3 and 4. 
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When the coils 1 and 2 are connected in opposition, suppose 
the value of the magnetic flux as deduced from the galvanometer 
throw is denoted by O. 

Then, 

0 

= Mean value of the magnetic force H in the annular space 
between the search coils 1 and 2. 

The value so obtained is plotted as aA in Fig. 104, where a is 
the point midway between the points 1 and 2. Similarly, the 
measurement of the flux by means of the search coils 2 and 3 in 
opposition gives the value of Lfj plotted as hB in Fig. 104, and the 
measurement of the flux by means of the search coils 3 and 4 in 
opposition gives the value of plotted as cC in Fig. 104. 

A curve is now drawn through the three experimental points 
C, B, A, and the curve is produced to cut the ordinate axis OF at 
K. Then OK gives the value of H at the surface of the specimen, 
and this is also the required value of H within the specimen. 

(ii) Measurement of the Induction B. — 

In order to measure the value of B, the innermost search coil 
(No. 1), is used. It is to be noted however, that for the high values 
of H which are used in this test the fact that the area 8^ of the 
search coil 1 is greater than the area 8 of the specimen necessitates 
a correction. 

For example, if the specimen is 6 mms. in diameter, then 

8 — 28-3 sq. mms. 

If the search coil No. 1 is 7 mms. in diameter, then, 

8y = 38-5 sq. mms. 

therefore, 

8 — 8i = 10’2 sq. mms. 

Now suppose, for the purposes of an example, that H = 6,000 
and B = 26,500. The total flux through the search coil No. 1 is 

0-283 X 26,500 + 0-102 x 6,000 
7500 + 612 — 8112 c.g.s. lines. 
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The apparent value for B is therefore 


0-283 


= 28,600 


whereas the actual value of B is 26,600. 

fhe. necessary correction may therefore be expressed as follows : 
Let B' be the apparent value of the induction as deduced from the 
ratio 

Flux through Search Coil No. 1 
Area of the Specimen 


Let B be the true value of the flux density in the specimen, then 


that is. 


B'S =^B8 + {S^ - 8)Hj, 


where Hf is the value fF of the force at the point / midway between 
0 and 1 (Fig. 104). 

Measurements for rectangular specimens may, of course, be made 
by using rectangular search coils and rectangular holes in the ends 
of the pole pieces PP. 


66. III. Author’s Method of Testing Small Specimens in 
Intense Magnetic Fields 

In order to provide an accurate and relatively simple method 
for testing small specimens in fields of strength up to about 2000 
gauss, the author * has devised a modification of the “ ring method ” 
described in Chapter X, §§ 56 and 56. 

The method has the advantage that the specimen is in the form 
of a closed magnetic circuit and the value of the magnetising force 
H can be calculated directly when the magnetising current is known. 
It is thus possible to carry out the test with eonsiderable accuracy 
for the whole range of magnetising force from = 0 to about 
H = 2000 gauss. 

* See T. F. Wall, Engineering, March 7, 1924. 
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The advantages of testing a sample which is small are numerous. 
For example, if it is desired to examine the effects of heat treatment 
on the magnetic properties, it is much more reliable to deal with a 
small sample, since the heat treatment can thus be made more 
homogeneous throughout. Further, the cost of the newer types of 
permanent magnet steels is relatively high, and if large speci- 
mens are used for testing, the cost of testing may be seriously 
increased. 

It is to be observed that in the case of the newer types of per- 
manent magnet steels the demagnetising curve, that is to say, the 
values of the remanence and the coercive force, should be obtained 
after the magnetisation has been carried up to a value of H about 
2000 gauss. If the magnetisation is not carried up to values of 
this order, the material does not become fully magnetised and the 
remanence and the coercive force obtained will not be the maximum 
values which it is possible to reach. 

The specimen may be in the form of a short tube of, say, | in. 
length, in. outside diameter, and \ in. inside diameter. 

A search coil is wound on the specimen as close as possible to 
the material without endangering the insulation of the wire. After 
winding, the coil should be coated with shellac. Fine wire (e.gr.. 
No. 36 s.w.g.) should be used for this search coil, and, as already 
stated, the winding should be arranged as close to the specimen as 
possible in order to eliminate the necessity for any correction for B 
due to the fact that the area of the search coil will not be identical 
with the area of the specimen (see § 65). 

A magnetising coil is wound over the search coil and the number 
of turns which it is possible to wind for this coil is, of course, limited 
by the space available inside the tube. This space should not be 
too tightly packed with the wire of the coils, as it is essential that, 
when the whole is immersed in an oil-bath, the oil shall have free 
access to the individual turns of the coil. 

The windings of both the search coil and the magnetising coU 
thread the tube, the sample being magnetised in a circular direction 

coaxially with the tube. 

13 
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The relationship between the current in the exciting coil and the 
magnetising force H is given by the equation 

where I amperes is the current in the exciting coil, 
w is the number of turns in the exciting coil, 

cms. is the length of the mean magnetic path in the sample. 

In order to obtain values of the magnetising force H of the order 
of 2000 gauss, it wiU be necessary to send a heavy current through 
the magnetising coil. For example, suppose the specimen (see 
Fig. 106) has the dimensions stated, viz. : 

Inside diameter ...... 0-25 in. 

Outside diameter ...... 0-438 in. 

The mean diameter will be 0-344 
in. and the length of the mean 
magnetic circuit will be 
l„ = n X 0-344 in. = 1-08 ins. 
== 2-75 cms. 

If the magnetising coil has 
30 turns, that is, w = 30 in the 
above formula, then the exciting current necessary to produce a 
magnetising force of H gauss along the mean magnetic circuit is 
given by 

I == 0-073 H ampere. 

Hence, if the magnetising force H is to be equal to 2000 gauss, the 
current in the exciting coil must be 146 amperes. 

The area of the specimen of which the dimensions are given above 
(see also Fig. 105) will be 

A = 0-75 X 0-094 sq. in. 

= 0-453 sq. cm. 

The principle of the method is based on the fact that a very 
large current may be passed through a coil if the time for which 
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the current flows is sufficiently small (see also Chapter VIII, § 49). 
That is to say, since the heat developed in a coil is 

PRt joules, 

where / amperes is the current in the coil, 

R ohms is the resistance of the coil, 
i seconds is the time for which the current flows, 

and if the time t is made sufficiently small, it is possible to pass an 
extremely large current through the coil without burning it out. 

This method of testing is a “ method of reversals ” as described 
in Chapter X. A characteristic feature, however, of the present 
method is that means are provided to permit the opening of the 
exciting coil circuit immediately after the reversal of the current, 
and without interfering with the swing of the galvanometer. Thus 
in the normal method of reversals as described in Chapter X the 
current in the exciting coil is reversed and the galvanometer throw 
observed whilst the exciting current is maintained at the full value 
to which it has been reversed. It would not be possible to open 
the exciting coil circuit in this case until the galvanometer has 
completed its swing, otherwise the corresponding collapse of flux 
through the search coil would, of course, pull up the movement of the 
galvanometer. 

In the present method, the search coil is short-circuited by the 
key K-^ (Fig. 106) immediately the galvanometer begins to swing 
and, whilst the search coil is short-circuited, the exciting coil circuit 
is opened. In this way, the opening of the exciting coil does not 
impede the swing of the galvanometer and the exciting coil is relieved 
of the dangerously high currents involved in obtaining the required 
high intensity of the magnetising force H. 

In order to facilitate the cooling of the exciting coil, the specimen 
is immersed, preferably in a deep oil-bath (see Fig. 106). 

The complete diagram of connections for the determination of 
both the magnetisation curve and the demagnetising curve is given 
in Fig. 106. 

(i) To Obtain the Magnetisation Curve . — The short-circuiting 
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switches Sw^ and 8w^ (Fig. 106) are closed and are kept closed through- 
out this test for the magnetisation curve. The resistance By is set 
so that the highest value of the current is obtained, that is, the 
value corresponding to the highest value of the magnetising force 
H for which the test is to be made. 

By. means of the reversing switch R8 the exciting current is 
reversed a number of times, care being taken to allow the heat 



developed in the exciting coil to dissipate after each reversal and 
care also being taken to carry the magnetisation through its changes 
in precisely the same cyclic order throughout. It is to be noted that, 
owing to the large values of the exciting current used for this test, 
the resistance of the circuit may tend to increase appreciably, due 
to the heating up of the various parts of the circuit. It is desirable, 
therefore, to use carbon rheostats as series resistances so that the 
negative resistance coefficient of the carbon may compensate for the 
positive temperature coefficient of the exciting coil and any other 
part of the circuit which is of copper, e.g., the leads, etc. 



MAGNETIC TESTING IN INTENSE FIELDS 


197 


Having made sure that the specimen has been brought into a 
cyclic magnetic state, and that the galvanometer is steady at its 
zero position, operate the switches as follows : 

( 1 ) Place the galvanometer reversing key RK on the aa 
contacts : close the search coil short-circuiting key and close 
the reversing switch RS on the A A contacts. Open the key 

and, after quickly throwing over the reversing switch RS 
on to the BB contacts, short-circuit the search coil by the key 

and open the reversing switch RS. 

Read the galvanometer throw Oj, which is, say, on the 
positive side of the scale zero. 

(2) Place the galvanometer reversing key RK on the hh 
contacts. Repeat the procedure detailed in ( 1 ). This will 
give the galvanometer throw 6^, which will now be on the 
negative side of the scale zero. 

It is now advisable to take two further readings of the galvano- 
meter deflections for the case in which the main reversing switch 
RS is reversed from the BB contacts to the AA contacts. This is 
done as follows : 

(3) Place the galvanometer reversing switch on the act 
contacts. Close the search coil short-circuiting key and 
close the main reversing switch RS on the AA contacts and 
then open this switch. This brings the magnetic state of the 
specimen to the point on the cycle which is correct for the 
next operation of closing the main reversing switch on to the 
BB contacts. The galvanometer throw is then taken when 
the main reversing switch RS is thrown over from the BB 
contacts to the AA contacts. 

Let O 3 be the galvanometer throw so obtained. 

( 4 ) Place the galvanometer reversing switch on to the hb 
contacts and again take the galvanometer deflection when the 
main reversing switch RS is thrown over from the BB contaets 
to the AA eontacts. 

Let be the galvanometer deflection in this case. 
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The mean value of the four deflections 6 ^, 0 ^, 6 ^ and 0 ^ may then 
be taken as the correct value of the deflection 9 for the given value 
of the magnetising current. 

Of course, there should be no serious difference between the 
four readings of any one set. 

If A is the logarithmic decrement of the galvanometer swing 
for the known value of the total resistance of the galvanometer 
circuit, the value of the deflection as corrected for damping will be 
(see Chapter IX, § 52) : 

0 =9(1 + I ). 

ii. To Obtain the Demagnetisation Curve and the Hysteresis Loop . — 
For this test the switches Sw^ and 8 w^ are brought into operation. 
For that part of the demagnetisation curve which extends from 
H = /fmax. to H = 0 {e.g., the part AL in Fig. 94), the switch 8 w^ 
is kept closed and the switches RS and Sw^ are operated, whilst 
for that part of the demagnetisation curve which corresponds to 
negative values of H {e.g., the part LM in Fig. 94), the switch 8 w^ 
is kept closed and the switches R 8 and 8 W 2 are operated. 

First set the resistance with the switches and 8 w^ closed 
so that the requisite exciting current flows in the magnetising coil 
MC to produce the required value of ^^ax. for the tip A of the 
hysteresis loop (see Fig. 94). Find by trial the adjustment of the 
resistance R^, so that, when the switch 8 w^ is open (and the reversing 
switch R 8 on the AA contacts), the magnetising current will have 
a value corresponding to some suitable value of H to give some 
such point as D (Fig. 94) on the demagnetisation curve. Close the 
switch 8 w^ and reverse the switch R 8 several times, finishing this 
operation with the reversing switch open after having left the BB 
contacts. Then proceed as follows : 

Close the key K^, thus short-circuiting the search coil 8 C. 
With the galvanometer reversing switch on the aa contacts, 
close the reversing switch R 8 on the AA contacts, open Ki, 
open 8 tVg, close the key Ri and open the reversing switch R 8 , 
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performing this sequence of operations in rapid succession. 
Note the galvanometer throw. 

Other points, such as O on the part AL ot the demagnetisa- 
tion curve, may be obtained in a similar manner, it being 
observed that, after having made all the adjustments, it is 
necessary to reverse the switch RS several times before taking 
a reading of the galvanometer throw. After having reversed 
the switch RS several times, this switch is eventually left open 
after leaving the BB contacts. Another reading of the galvano- 
meter tlxrow for the same point on 
the demagnetisation curve may be 
obtained by repeating the above 
process but with the galvanometer 
reversing switch on the bb contacts. 


In order to determine that part of the 
demagnetisation curve which corresponds 
to negative value of the magnetising force 
H, for example, the part LM in Fig. 94, 
the following procedure is adopted. 

The switch Sw^ is kept closed through- 
out this test. Having adjusted the 
resistance R^ so that the magnetising 
current in the cod MC has a suitable 
negative value when the reversing switch RS is on the BB contacts 
and the switch Sw^ is open, the galvanometer throw is observed 
when the reversing switch RS is thrown over from the AA contacts 
to the BB contacts with the switch Sw^ open. It will be seen that 
in this way the magnetising force is changed from the value 
+ Hjaax. to some negative value less than — 

Before taking any reading of the galvanometer throw, the switci 
Sw^ is closed and the reversing switch RS is operated several times 
eventually finishing with this switch open after leaving the BE 
contacts. The switch Sw^ is then opened and the required galvanO' 
meter throw is taken by means of the following process : 


500 tOOO 1500 
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Close the key thus short-circuiting the search coil SC. 
With the galvanometer reversing switch RK on the aa contacts, 
close the reversing switch RS on the A A contacts, open K^, 
throw over the reversing switch RS on to the BB contacts, close 

the key K^, and open 
the reversing switch, per- 
forming this sequence of 
operations in rapid suc- 
cession. Note the conse- 
quent throw of the gal- 
vanometer. 

In all cases a second read- 
ing for any one point on the 
demagnetisation curve may be 
obtained by repeating the pro- 
cess described but with the 
galvanometer reversing switch 
RK on the hh contacts. 

m 0 ioo mo ofoo 

In Fig. 107 is shown the 
magnetisation of a sample of 
“ stalloy ” as taken by this 
method. 

In Fig. 108 is given the mag- 
netisation curve and also the de- 
magnetisation curve as determined 
by this method, of a sample of 
cobalt-chromium steel. In Fig. 
109 are shown the values of the 
B X H 

quantity — ^ for this sample of 

aTt 

steel, the data for Fig. 109 having been obtained from the experi- 
mental demagnetisation cmve of Fig. 108 (see also Chapter II, § 22, 
and Fig. 22). 


Fig. 108. 





CHAPTER XIll 

DETERMINATION OF THE MAGNETISATION CURVE AND 
THE HYSTERESIS LOOP BY THE MAGNETOMETER 
METHOD 

67. General Features of the Magnetometer Method 

The magnetometer method is one of the oldest methods of mag- 
netic testing and is especially valuable for some tests for which the 
ballistic method is not suitable. For instance, the magnetometer 
test gives the actual static value for the magnetic intensity J 
directly without any necessity for measuring the change of J, as, for 
example, by reversal of the exciting current. 

The method is also useful for measuring the effect on the mag- 
netisation of mechanical strain ; moreover, it provides a means for 
examining the changes in magnetisation due to time, e.g., the testing 
of the decay of magnetisation in permanent magnets, and the 
“ creeping effect ” referred to in Chapter TV, § 35, when the 
magnetising force is relatively small and is maintained constant. 

The principle of the method is the measurement of the deflection 
of a small magnetised needle under the influence of the magnetisation 
of the specimen under test. 

It is to be noted that the magnetic quantity which is actually 
measured here is the intensity of magnetisation J, from which the 
corresponding value of the induction B is obtained through the 
relationship 

5 = 4:t J + H. 

For the purposes of magnetometer tests, a very suitable 
form for the specimen would be a long ellipsoid of revolution. 
Such a form, however, would be rather difficult to machine and 
usually a long circular rod of the material is used as being a 
sufficiently good approximation to an ellipsoid of revolution. The 
advantage of using a specimen in the form of an ellipsoid of revolu- 
tion is the fact that the self-demagnetising force is then constant 
throughout the specimen and its value can be easily calculated 
(Chapter I, see § 10). 
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There are three methods of arranging the rod specimen relatively 
to the magnetometer needles, and these will be considered in turn. 


68. Magnetometer Method I. The “ One Pole " Method 

In this case the rod under test is arranged vertically with the 
upper pole on a level with the magnetometer needle. 

In Fig. 110 is shown a diagrammatical sketch of the relative 
position of the rod CC' and the magnetometer needle, the centre 
of which is indicated by the point 0. 

The poles of the magnetised rod GO' are at the points PP' and 
the upper pole P is level with the compass needle O. 



c‘ 


Fig. 110. Fig. 111. 



In Fig. Ill is shown a plan view, in which P represents the pole 
of the magnetised specimen and O is the centre of the magnetometer 
needle ns. 

When the magnetised specimen is removed, the direction of the 
needle ns wiU, of course, be that of the horizontal component of the 
Earth’s field. 

Let Fi be the intensity of the horizontal component of the 
Earth’s field. In what follows, Fi will be called the directing force. 

Suppose that the upper pole P (Fig. Ill) is a North-seeking pole. 
The forces on the needle ns will then be 

Fa due to the pole P 

and 

Fi due to the Earth’s directing force. 
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It is here assumed that the rod specimen is so long that the 
effect of the distant pole P' on the deflection of the needle ns is 
negligibly small. The effect of the distant pole P' wiU be considered 
later. 

The resultant force at 0 will then be given in magnitude and 
direction by Fig. 112, and the needle ns will therefore take up 
a position in line with That is to say, the deflection of the 

magnetometer needle wiU be 0. 

Reference to Fig. 112 shows that 

F^ = Fi tan 0. 

But 

„ _ na^J 
2 


where J is the intensity of magnetisation of the specimen and 
sq. cms. is the cross-sectional area of the specimen, which is here 
assumed to be circular (see also Chapter I, §§ 1 and 6). 

Therefore 


na^J 

OP^ 


Fi tan 0, 


or, 


J = 


OP^F , 

na^ 


tan 0 


Usually, the magnetometer deflection 0 will be small, so that tan 
6—0 very approximately, in^which case 


OP^F^e 

na^ 


As already stated, the formula given in the foregoing assumes 
that the specimen is so long that the effect of the distant pole P' 
on the deflection of the needle is negligibly small. 

If this is not the case, it is easy to show that 


Op2jf» tan 0 


2ri 

/opVI 

7iar\ 1 

\OP') \ 


The arrangement of apparatus necessary for this test is shown 
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in Fig. 114. The specimen is supported within a solenoid SySi 
which extends well beyond the ends of the specimen (see Fig. 113). 
In order to neutralise the magnetic effect on the magnetometer 
needle of the current in the solenoid itself, a compensating coil CS 
is provided which is connected in series with the solenoid. The 
position of the compensating coil is so adjusted that when the speci- 
men is' removed from the solenoid, and the current is reversed in 

the solenoid circuit, the magnetometer needle 
remains undeflected. If the specimen is now 
inserted in the solenoid, the action on the 
magnetometer needle will be solely due to the 
magnetic intensity J. 

It is to be noted that, since the specimen 
is supported vertically, it is subject to mag- 
netisation by the vertical component of the 
Earth’s field and it may be necessary to 
provide means for neutralising the vertical 
component of the Earth’s field. Whether this 
is necessary in any particular test depends on 
the accuracy with which the test is required 
at low values of the magnetising force H. 
The neutralisation of the vertical component 
of the Earth’s field may be obtained by 
winding a second solenoid (Fig. 113) co- 
axially with the magnetising solenoid and 
sending a current through this second solenoid from a separate 
circuit so that the field produced by this second solenoid may 
be just sufficient to neutralise the vertical component of the Earth’s 
field. 

Before commencing the test on the specimen, it is necessary 
that it be completely demagnetised, and one way of doing this is 
by the method of reversals. 

In Fig. 114 is shown the diagram of connections. The mag- 
netising solenoid 8^ is connected through a reversing switch RS 
and an ammeter Am^ to the potential slide P8. 




DETERMINATION OF THE MAGNETISATION CURVE 206 


The switch Sw^ is preferably kept closed except when readings 
for the hysteresis loop are required to be taken. 

By means of the potential slide PS and the resistance the 
current in the magnetising solenoid can be varied from zero to the 
full maximum value which it is required to obtain. 

The compensating coil CS is in series with the magnetising 
solenoid Si, so that the compensation remains correct for all values 
of the magnetising current. 



The vertical component of the Earth’s field is neutralised by the 
compensating solenoid S^, which is supplied with current through 
the ammeter Arrii. 

The test as to whether the vertical component of the Earth’s 
field has been correctly neutralised is that, after passing through 
the complete demagnetising process, the specimen should show no 
remanent magnetism, that is, the magnetometer needle should be 
undeflected when there is no current flowing in the magnetising 
solenoid Si. 
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In order to demagnetise the specimen before proceeding with 
the test, the current in the magnetising solenoid Si is set to the 
maximum value which can be safely passed through the solenoid 
and the reversing switch BS is operated so that the current is 
reversed at the rate of, say, about 1 cycle per second. Whilst 
steadily operating the reversing switch, the potential slide contact 
G is gradually moved towards P, until eventually C reaches P and 
the current in the magnetising solenoid therefore becomes zero. 
At the end of this process the specimen should then have become 
completely demagnetised. 

If the area of the specimen is large, it may be found that the 
control Fi due to the horizontal component of the Earth’s field is 
not sufficiently strong. In this case, the control may be strengthened 
by placing a bar magnet under the needle. The magnitude of this 
increased control can be measured by the methods explained in § 71 
for finding the value of Pj. 

Determination of the Magnetisation (B : H) Curve . — For the mag- 
netisation curve, the switch Swi (Fig. 114) is kept closed. Having 
adjusted the position of the contact C and the magnitude of the 
resistance Pj to give a small value of the magnetising current the 
reversing switch R8 is placed on the dd contacts and the correspond- 
ing deflection 0 of the magnetometer needle is noted. By means of 
the formula given in § 53, the value of the magnetising force H is 
foxmd, viz. : 

rr 4 ^ Y 

" “ lo P 

where Wi is the total number of turns in the magnetising solenoid 

I cms. is the length of the magnetising solenoid 8i, 

I amperes is the current in the magnetising solenoid. 

If the length of the specimen is less than about 400 times the 
diameter, it may be necessary to correct for the self-demagnetising 
effect of the specimen. This may be done by means of the data 
given in Chapter I, § 10. 
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The value of the intensity of magnetisation J is given by the 
ormula 

7 tan 0 

The magnitude of the induction B is then given by 

B = 4:7iJ + H. 

The value of the directing force P, of the magnetometer is found 
by one of the methods explained in § 71. 

A series of values of the magnetising current is then taken and 
the corresponding values of the deflections d are measured. 

In this way the complete magnetisation curve of the specimen 
may be found up to an intensity of the magnetising force II of 
about 500 to 600 gauss. The method is not suitable for tests at higher 
values of the magnetising force. 

In making the adjustments of the magnetising current it is 
important to observe that the current is never reduced during the 
test, but that each change in value shall be an increase and not a 
decrease. If the magnetising current is accidentally decreased, the 
specimen should be first completely demagnetised and the test 
commenced again. 

Determination of the Hysteresis Loop. 

(i) To Obtain the Portion of the Hysteresis Loop mn. Fig. 91.— 
Having completely demagnetised the specimen, the reversing switch 
R8 is placed on the dd contacts and the magnetising current set to 
give the fuU value of the induction for which the required 

hysteresis loop is to be found. That is to say, the magnetising 
current is set to the value corresponding to the tip m of the hysteresis 
loop (Fig. 91). The iron specimen is then brought into a cyclic 
magnetic state by reversing RS a number of times, eventually 
finishing up with RS on the dd contacts. The switch 8wi is kept 
closed during this operation. The resistance R^ is then set to a 
suitable value, so that when the switch Sw-^ is opened, the mag- 
netising current will correspond to some value, say, CP (Fig. 91). 
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The setting of the resistance may be found by a preliminary 
trial before the actual test is commenced. The deflection of the 
magnetometer needle is then noted for this reduced value of the 
magnetising current, and this deflection will correspond to some 
such point as P on the hysteresis loop. By suitably increasing the 
resistance R^, other points may be found on this portion of the 
hysteresis loop and in this way the whole of the portion mn (Fig. 
91) may be obtained. The point n, which corresponds to zero 
current in the magnetising solenoid, is obtained by opening the 
reversing switch RS. 

(ii) To Obtain the Portion nl of the Hysteresis Loop, Fig. 91. — 
Having completed the portion mn of the loop, the reversing switch 
RS is now in the “ off ” position, that is, no current is flowing in the 
magnetising solenoid Si. 

The switch RS is now closed on the gg contacts, the magnetising 
current corresponding to a suitable negative value, say, dQ (Fig. 91) 
being thus obtained. 

By decreasing the resistance R^ the magnitude of the negative 
magnetising cmrent is increased and another point on the loop, say, 
T, is obtained. In this way, the whole portion of the loop is deter- 
mined, the last point I being obtained for a value of the negative 
magnetising current which is just equal to the maximum positive 
value of the current for which the point m was found. 

(iii) To Obtain the Portion In'm of the Hysteresis Loop, Fig. 91. — - 
The other half In'm of the hysteresis loop may be found by reversing 
the above detailed procedure. For points on the portion In' the 
magnetometer deflection is obtained when the reversing switch RS 
is on the gg contacts and for points on the portion n'm of the 
hysteresis loop the switch RS is closed on the dd contacts. 

If, at any stage of the test, there is reason to think that the 
current has been changed in the wrong direction, say, for example, 
the current has been reduced instead of increased, the magnetisa- 
tion should be brought back to the required cyclic state by 
operating the switch RS with the switch Swi closed. 
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69. Magnetometer Method II. The Specimen is Placed “ Broad- 
side On " with Respect to the Magnetometer Needle 


The general arrangement of the specimen and magnetometer 
needle is shown in Fig. 115. The specimen is placed horizontally 
and at right angles to the directing force. 

In this case, it is easy to prove that the force F 2 due to the 
magnetisation of the specimen is 


jp _ 2na^JPB 

in which na^ is the 
cross-sectional area of 
the specimen. 

Hence 


Fx tan 6 = 


2na^J PB 
OPH 


or the intensity of 
magnetisation is 

. OPH jp . „ 

OP^d jp . . 


C. P. 





ES3 C.S. 


» d 


1 

B P! C 

Fig. 115. 


gives 

For an 

and 


71 

ellipsoid of length 


OP^ 


I 

PPi = p 


. SOP^jp . . 
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70. Magnetometer Method III. The Specimen is Placed “ End 
On " with Respect to the Magnetometer Needle 

In Fig. 116 is shown the relative positions of the specimen and 
the magnetometer needle for this method. The specimen is placed 
horizontally and with its length at right angles to the directing force ; 
the centre of the needle lies on the prolongation of the axis of the 
specimen. 



Fio. 116. 


The force at the centre O of the needle and due to the magnetisa- 
tion of the specimen is 

Jna^ Jna^ 


F, = 


('-S’ 


or 


Fj = 2j7ca^- 


al 




It follows therefore from Fig. 116 that 

Fi tan d = Fz 


and 


where I = PP’. 


^ ~ 2naH 


71. Calibration of the Magnetometer 

It is desirable to calibrate the magnetometer directly in sit 
in order to determine the magnitude of the directing force in th 
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position occupied by the magnetometer needle. It is not advisable 
to take this as being equal to the horizontal component of the 
Earth’s field at that place, because there may be large masses of 
iron in the neighbourhood which may produce a considerable effect 
on the Earth’s field there. 




Case I. — The determination of the magnitude of the directing 
force may be made by using a circular coil of a single turn as shown 
by yy' in Fig. 117. The magnetometer needle is situated at the 
centre of the eoil and the plane of the coil contains the axis of the 
needle when no current is flowing in the coil. That is to say, the 
plane of the coil is parallel to the directing force F^. 

If a current of I amperes is passed 
through the coil the needle will become de- 
flected. The force Fq due to the current in 
the coil will be in a direction perpendicular 
to the directing force F^ and the magnitude 
of the deflecting force will be given by the 
expression (see Fig. 117), 

= alO 

where a cms. is the radius of the coil. 

The needle will therefore be deflected by 
an angle B, where 

alO 


Fi tan 6 = Fc 



or 

_ nl __ 0*63/ 

^ 5a tan 0 a tan 6' 

Case II. — The measurement of the magnetometer directive force 
Fi may be made by means of a suspended oscillating magnet. 

Suppose a short piece of magnetised hard steel wire is obtained 
and is suspended horizontally by means of a light stirrup hanging 
from an unspun fibre of silk. In the place where the magnetometer 
is to be set up, bring the suspended magnetised wire and let it 



212 


APPLIED MAGNETISM 


oscillate under the action of the directive force Fi. Note the time 
required for, say, 20 complete oscillations, and let seconds be the 
average time of one complete oscillation. 

Now remove the suspended magnet to some open space where 
the horizontal component F of the Earth’s field is accurately 



I I 

Fig. 118 . 


known and set it oscillating again. Let T seconds be the time of 
one complete oscillation under the action of this force F. 

Then it may be shown that 

rn% 


72. Use of a Compensating 
Magnet 

A compensating magnet 
may be used if it is desired 
to extend the equivalent 
scale length. For instance, 
in Fig. 119, the deflecting 
magnet may be arranged 
with its axis on the line OP 
and so directed that it opposes the deflecting action of the magnet- 
isation of the specimen. Thus, if P is a iV pole, the end C of the 
magnet would be a pole. In other words, the compensating 
magnet subtracts a definite amount from the deflecting force of P at 
the needle. 

Let Fii be the deflecting force at the needle due to the com- 


as. 


Fig. 119 . 
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pensating magnet, and let F^, be the deflecting force due to the 
magnetisation of the specimen. Then 

^2 — Fm — Fx tan 6 = F^S, when 6 is small. 

The true deflection due to the magnetisation J of the specimen 
will therefore be the actual deflection plus the amount by which the 
deflection is reduced when the compensating magnet is placed in 
position. 



Magnetising Current. 


Fig. 120. 


A special advantage of using the compensating magnet is that 
it permits of the examination of the effect of a small increase or 
decrease of the magnetising force when the specimen is strongly 
magnetised. 

73. Increasing the Sensitivity of the Magnetometer by Over- 
compensation 

If the compensating coil (see § 68, Fig. 114), is moved nearer to 
the magnetometer needle than is necessary for just compensating 
the magnetic force of the solenoid, it is possible to increase the 
sensitivity of the magnetometer very considerably.* 

See Ewing, “ Magnetic Induction in Iron and Other Metals.” 
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For example, suppose it is desired to examine the shape of the 
magnetisation curve OFO (Fig. 120) for values near the origin O, 
that is, for weak magnetising forces. 

The specimen is arranged closer to the magnetometer needle 
than is normally the case, thus increasing the deflecting force due 
to the magnetisation of the specimen. This deflecting force is then 
partly neutralised by moving the compensating coil up towards the 
needle. Thus, in Fig. 120, if the magnetising force is OA the true 
deflection would be AC. Suppose, however, that the compensating 
coil has been fixed in position near the needle so that the amount 
AB of the deflection becomes neutralised thereby, the actual deflection 
being BC. Join B to the origin O and let a be the angle AOB. If 
the magnetising current is now altered, say to the value OT, the 
actual deflection wiU be KF. To obtain the true deflection, however, 
the amount TK must be added to the actual deflection KF. That 
is to say. 

True Deflection = Actual Deflection + (Magnetising Cxu'rent) tan a. 

The value of tan a, that is, the slope of the line OB, is found by 
removing the specimen from the solenoid and noting the deflection 
of the magnetometer needle when a known current is flowing in the 
compensating coil and the solenoid in scries. 

By means of this device, therefore, the whole length of the scale 
may be utilised for the deflection corresponding to the amount, 
say CB. In other words, the effective scale length may be enormously 
increased whilst still keeping the actual deflection small. 

In this way, the magnetic testing of ellipsoidal specimens may 
be carried out when the ratio of the length to the diameter is small, 
that is, when the self-demagnetising force is large. 
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TOTAL LOSSES IN IRON LAMINATIONS : MEASUREMENT 
BY MEANS OF THE MAGNETIC SQUARE : SEPARATION 
OP THE LOSSES 

74. Total Losses in Iron Laminations 

When iron laminations are subjected to an alternating magnetic 
flux, in addition to the hysteresis loss there is a loss due to eddy 
currents which are induced in the laminations by the alternating 
flux. 

It may be shown that for low frequencies, e.g., about 50 cycles 
per second, and thin iron plates, say about 0-5 mm., the loss due to 
eddy currents is proportional to the square of the thickness of the 
laminations. If the thickness of the laminations is greater than 
about 0-5 mm. or if the frequency is greater than about 50 cycles 
per second, the phenomenon of “ skin effect ” may become prominent. 
That is to say, the central part of the section of the laminations may 
become largely screened from the magnetic flux by reason of the 
induced eddy currents. When this effect becomes marked the 
formulte given in the following do not apply directly. 

The total iron losses due to an alternating magnetic flux comprise 
hysteresis loss and eddy current loss. 

The hysteresis loss may be represented by the formula (see 
Chapter I, § 15), 

~ ergs per sec. per c.c. 

This expression may be taken as holding true for a range of 
values of Bmax. from about 1000 to 13,000 lines per sq. cm. (see 
also § 78). 

The eddy current loss is given by the expression 
1^0 ^ e(/*/Bmax.^)^ ergs per sec. per c.c., 

where Bma*. is the maximum value of the flux density during the 
cycle, 

/, is the form factor of the alternating wave of magnetic 
flux. 
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/ cycles per second is the frequency of the alternating 
flux, 

A cms. is the thickness of the laminations, 
e is “ eddy current constant ” and depends on the 
specific electrical resistance of the material of the 
laminations, 

is the “ hysteresis constant.” 

The total iron losses may therefore be written 
Wi = ITa + IT, = [vfBlatx. + ergs per sec. per c.c. 

or, since 10’ ergs = 1 joule, 
and 68-5 c.c. of iron weigh 
1 lb., the total losses may be 
expressed by the formula 

W, = 58-5 X + 

watts per lb. 

75. The Magnetic Square 

The magnetic square is an 
apparatus for measuring the 
total losses in iron laminations 
due to an alternating magnetic 
flux. There are several types 
of eonstruction in use, which 
differ to some extent in detail. 
A common arrangement is 
the one shown in outline in 
Fig. 121. Four equal solenoids are arranged in the form of a square. 
Equal bundles of iron laminations are inserted, one in each solenoid, 
each lamination being about 7 cms. wide and usually about 0-05 cm. 
thick. The ends of the bundles are magnetically connected by short 
lengths of laminations bent at right angles and forming lap joints 
having about 2 or 3 mms. overlap at each joint as shown in 
Fig. 121. 



Fig. 121. 
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Each solenoid comprises one winding of thick wire which carries 
the magnetising current, the four solenoid windings being connected 
in series. This winding will be termed the primary winding and, 
for the particular example under consideration, consists of 45 turns 
per solenoid, that is, a total of 180 turns between the terminals P 
in Fig. 121. 

Each solenoid also comprises two separate thin wire windings. 
These windings form two electrically separate secondary coils. 
The windings for the respective secondaries on the individual 
solenoids are connected in series and the terminals for one 
secondary are shown at 8^ and for the other secondary at 8^ in 
Fig. 121. In the example under consideration, both 8i and 



8z are wound with 74 turns per solenoid, that is, there is 
a total of 296 turns in each of the search coils 8i and 

A diagram of connections is shown in Fig. 122. The wattmeter 
is shown at IF, the current coil being in series with the primary 
winding P of the magnetic square, whilst the pressure coil is con- 
nected across the secondary 8i. An ammeter is shown at A, and 
a transformer at T. The transformer has a variable secondary so 
that the current in the primary winding P of the magnetic square 
may be varied without the use of series resistance, that is, without 
altering the form factor of the flux wave (see also § 76). An electro- 
static voltmeter is connected across the terminals of the 
secondary 82. 
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Let E volts be the r.m.s. value of the p.d. indicated by the 
voltmeter then 

E = volts, 

where /, is the form factor of the alternating wave of magnetic 
flux, 

/ ' is the frequency of the alternating wave, 

-Smax. is the maximum value of the magnetic induction in 
the laminations during a cycle, 

Af sq. cms. is the cross-sectional area of the iron laminations, 

w,2 is the number of turns in the secondary winding /S2. 

Let W watts be the power measured by the wattmeter. The 
total power actually supplied to the apparatus, exclusive of the 
heat loss in the primary winding P, will be 

watts, 

where F volts is the p.d. across the pressure coil of the wattmeter. 
That is to say, the total power supplied will be greater than W by 
an amount due to the loss in the secondary 81. 

Now, 

W— = 

V r 

where r,^ ohms is the resistance of the secondary >S\, 

and r,, „ „ „ pressure coil of the wattmeter. 

The total iron loss will then be 

E 

Wi = W-y — [loss in -f loss in 

= - [Pr,i + 

where i amperes is the r.m.s. value of the current in the pressure coil 
circuit of the wattmeter. 

Hence 




1 
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If the test is made at high values of say greater than 

about 12,000 lines per sq. cm., allowance must be made for the 
fact that the iron laminations occupy a portion only of the core 
of the solenoid. For high values of -Bmax. fbe flux in that part of 
the cross-section of the secondary coils which is not occupied by 
the iron laminations becomes appreciable. That is to say, if this 
part of the flux is neglected in the calculations, the result will be 
that the value of R„ax. as deduced from the voltage E wiU be too large. 

The necessary allowance may be made as follows : 

The induced e.m.f. E may be written 


E = 4/jM\2^max. 10 ® volts, 

where is the maximum value 
during a cycle of the flux which 
passes through the search coil S^. 

Now let R'max. 1)6 Ih® ideal 
value of the maximum flux density 
in the laminations, that is, the 
value which would be obtained 
from the formxila for the induced 
e.m.f. E if the whole of the flux 



were actually to pass through the 

iron laminations, and let R^ax. l>e the actual maximum value of the 
flux density in the iron laminations, then 


^max. 


= = R^ax Ai + fl^:aax.(Area of 8^ - Ad 


that is. 


Br. 


D' 

max. 


- 


( Area oi 

AT 



The value of i?aax. for a given value of R^ax. may be found from 
the measured value of the permeability of the sample. 

If the magnetic square is provided with only one secondary coil, 
both the pressure coil of the wattmeter and the voltmeter will be 
connected across the terminals of this secondary as shown in 
Fig. 123. 
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Let ohms be the resistance of the voltmeter, 

„ „ „ pressure coil of the watt- 

meter, 

r ohms be the resistance of the secondary coil S, 

V volts be the p.d. measured by the voltmeter, 

E volts be the e.m.f. induced in the secondary coil 8, 
iu, amperes be the current in the wattmeter pressure coil, 

L „ „ ,, voltmeter, 

W watts be the power measured by the wattmeter, 

Wi watts be the total iron losses. 


Then 


E — V + (^'w + 



if both the voltmeter switch and the pressure coil switch of the 
wattmeter are pressed together. If, however, the wattmeter pressure 

coil switch is open when the voltmeter is being read, the term — 

in the above expression is zero. 

The power actually supplied to the magnetic square, exclusive 
of the loss in the primary coil P, Fig. 123, will be 


= w(i + 

V V r, rj 

The total iron losses will then be 

Wi — w(\ + ^ + — {ilfw + + (bu + 

' 'v 'W' 


that is. 


or. 


Wi = w(\ + _ v^(l + -* + A(~ + i') 

V '^v rj \ r, rj\r^ rj 

w, = [w- V^Q- + i)] [i + ’^ + 
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76. Separation of the Hysteresis and Eddy Current Losses in 

Iron Laminations 

It has been stated in § 74 that the total losses in iron laminations 
due to an alternating magnetic flux are given by the expression 

ergs per sec. per c.c., 

= 58-5[»?/i3J„L. + watts per lb. 

The magnitude of the total losses may be measured by means 
of the magnetic square as described in § 75. 

The separation of the total iron losses into those due to hysteresis 
and eddy currents, respectively, may be carried out by either of 
two methods. The first method may be used when an alternating 
current source of variable frequency and constant form factor is 
available, the second method may be used when an alternating 
current source of constant frequency is available. 

Method I. — Separation of Iron Losses by Measurements with a 
series of Different Frequencies. 

This method of carrying out the separation depends upon the 
condition that the form factor f^ shall be maintained constant as 
the values of the e.m.f. E and the frequency / are varied. The 
variation of the e.m.f. E which is necessary to maintain the value 
of Rreax. constant as the frequency is varied should be obtained 
either by varying the excitation of the alternator or by means of a 
variable tapping on the secondary of a transformer. A series 
resistance in the circuit of the magnetising coil of the magnetic 
square (^.e., coil P, Figs. 122 and 123) should not be used for the 
purpose of varying E, otherwise the form factor will not remain 
constant (see Method II). 

The value of the total iron loss watts Wi is measured for a number 
of different frequencies, the magnitude of Pma*. being kept the 
same for each value of the frequeney. That is to say, since 

E = 4/JP„a,.wlO-® volts, 

therefore 

E 

^max. = constant ^ 
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It is therefore seen that the value of ^max. will remain constant if 
the induced e.m.f . E is varied proportionally with the frequency /. 

If the expression for the total iron losses be divided by the 
frequency /, the equation becomes 


W. 

_• = 56-5 X joules per lb. per cycle. 

Now it appears from 
this result that if the 
value of is kept 

constant, and the fre- 
quency varied, the rela- 
tionship between the 



W- 

quantity the fre- 

quency / he a straight 
line. This straight line 

W- 

will cut the axis of 

J 

and the magnitude of 
the intercept will be 

58-5»/5^®x. 10“'^ joules 
per lb. per cycle, 
W- 

as is obtained by putting / = 0 in the expression for -j-*. 

If the value of is known, the value of the hysteresis constant 
T] is at once determined. 

Further, the slope of the straight line (see Fig. 125) will be sueh 
that 

tanct _ 58-5^/(/Aax.^)^ 

tan a 

= 58-58(/,B,^x.^)^10-’ 


Since the magnitudes of Pmax. are known, the magnitude 

of the eddy current constant e is immediately obtained. 

In Fig. 124 the iron losses are shown for the brand of high- 
resistance alloyed iron known as “ staUoy ” (see Chapter IV, § 34), 
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the laminations being each 0"046 cm. thick. The losses are plotted 
as a function of the frequency of the alternating magnetic flux for 
two cases, viz., Rmai. = 10,000, and Rmax. — 6000, respectively. 

In Fig. 125 are shown the straight lines connecting the values 

of ^ in joules per lb. per cycle, and the frequency /. 



From Fig. 126 it is found that, in the case of R^ax. = 10,000, the 
intercept of the straight line on the ordinate axis is 0-0138 joule 
per lb. per cycle, so that the hysteresis constant in this case is 

= 0-00094. 

The slope of the straight line in Fig. 125 is 

tan a = 41 X 10“®, 

so that 

41 X 10’ 

10® X 58-5(/,R„«x.-4)‘"’ 


/* = Ml : B, 


where 


= 10,000 : A = 0-046 
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The value of the eddy current constant is therefore found to be 

£ = 0-268 X 10-4 

Method II. — Separation of the Total Iron Losses by Measure- 
ments made at Constant Frequency and at a Series of Values of the 
Form Factor. 

Referring to the expression for the total iron losses given in 
§ 74, it is seen that, for a given value of the hysteresis loss is 

independent of the form 
factor /*, whilst the eddy 
current loss is propor- 
tional to the square of 
the form factor. Hence, 
if the form factor /* is 
varied, whilst the values 
of and / are main- 
tained constant, and if 
the total iron loss watts 
be plotted as a function 
of fl, a straight line will 
be obtained as shown in 
Fig. 126. 

The intercept of this 
straight line on the ordi- 
nate axis is the hysteresis 
loss. To find the eddy current loss for a sinusoidal wave of 
alternating flux (that is, for /* = 1-11), it is only necessary to read 
off the total watts corresponding to fl == (1-11)^ = 1-23, and then 
subtract the hysteresis loss OA, Fig. 126. 

The diagram of connections for this method by which this test 
may be performed is shown in Fig. 127. The form factor is varied by 
means of the non-inductive resistance R and the iron core inductance 
A, which are in series with the magnetising winding P of the magnetic 
square and supplied through the transformer T, of which the 
secondary may be provided with tapping points to vary the voltage. 
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Two separate secondary windings on the magnetic square are used. 
One of these, S^, is for the measurement of the mean value of the 
alternating wave of magnetic induction, and the other, Sj , is used 
to supply the pressure coil of the wattmeter W and the electrostatic 
voltmeter V e- 

The secondary winding is connected through brushes to a 
pair of insulated slip-rings, and these two slip-rings are connected 
respectively to the two sides of a two-part commutator as shown 
in Fig. 127. The two slip-rings and the two-part commutator are 



Fio. 127. 


all mounted on the same shaft, which is driven synchronously with 
the same supply frequency as that to which the primary winding 
P of the magnetic square is connected. 

The direct current voltmeter Vm is connected to the diametrically 
opposite pair of brushes on the two-part commutator. This pair 
of brushes is then moved by means of an adjustable rocker until 
the reading of the voltmeter reaches a maximum. When this 
adjustment has been made, the reading of will give the mean 
value of the wave of e.m.f. induced in the secondary winding S^. 

The reading of the voltmeter F® is a measure of the root mean 

square value of the alternating wave of magnetic induction. From 
15 
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the ratio of the readings of the voltmeters F® and the form 
factor of the alternating wave of magnetic induction is obtained. 

The reading of the voltmeter Fjs is very approximately equal to 
the r.m.s. value of the induced e.m.f. E, then 

Fr.m.8. =-E = A,iW.ilO-8 volt. 

The r'eading of the voltmeter F^ gives the mean value of the 
induced e.m.f. in the secondary coil 8^, so that 

Pmean ~ Volt. 

The form factor is then 

f .m.8. ^$2^82 

~ p A W 

^ mean 

where sq. cms. is the effective area of the secondary coil 8^^ 

A ^<1 yy yy yy yy 8 ^y 

Wsi is the number of turns in the secondary coil 8iy 
^«2 >> >> ^2* 

If Agi = Ag 2 y and Wsi == Ws 2 y then 

/ ’ l^r.m.8. 

' mean 

For a sinusoidal wave the r.m.s. value is 


the mean value is 


V = — F 

^ r.m.s. /?i ^ ni 

v2 


- V 

^ n 
71 


and the form factor is therefore 


Ff.m.B . _ ^ 

Pmean ~ 2V2 


/* = 4^"- = ^ - Ml. 


For a rectangular wave, the r.m.s. value is 
the mean value is also 


F = F 

^ r.m.s. ^ max. 


and the form factor is therefore 

/» = 1. 
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For an alternating wave each half of which is an equilateral 
triangle, the r.m.s. value is 

T7 1 T7 


ihe mean value is 


V3 


V —IF 

^ mean 2 ^ max. 


and the form factor is therefore 




V3 


M6. 


Generally stated, a flat-topped wave has a lower value for the 
form factor than a peaked wave. 


77. Iron Loss Data for Typical Qualities of Iron and Steel 
as used in Electrical Machines and Apparatus 


As already stated, the total iron losses in laminated sheets may 
be expressed in the form 

Wi = ergs per sec. per c.c. 

that is, 

Wi = + «(/*/^max.^)^]10~'^ watts per c.c.. 


or, 

Wi = e(/r/5„ax.d)2]10-'' watts per lb. 

For good armature iron, the values of the respective constants 
may be taken as 

ri = 0-00135 and e = 1-22 x 10“^. 


Inserting these values in the above expression, and assuming 
a sine wave of alternating magnetic induction, that is, assuming 
/j, = 1-11, the total iron loss may be written 




For high-resistance iron alloys, the constants are considerably 
less than those for good armature iron. For the brand of high- 
resistance alloy known as “stalloy,” the values of the constants are : 
rj = 0-00094 and e — 0-27 x 10“ ^ respectively. 
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Again, assuming that the wave of alternating magnetic induction 
is sinusoidal, so that/^, = I'll, the total iron loss may be expressed as 


Wi - 0 034 


LViooAiooo/ 




< 1201 


£ lOOj 

k 


80 ^ 


I 60| 


The noteworthy 
feature of these high- 
resistance alloys is the 
fact that the specific 
electrical resistance is 
about 42-5 microhms per 
cm. cube, as compared 
with about 11 -5 micr- 
ohms for ordinary good 
quality armature iron. 
This high value of the 
specific resistance is ac- 
countable for the relatively low losses due to eddy currents obtained 
with the high-resistance iron alloys. The enormous practical im- 
portance of reducing the iron 
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losses as much as possible will 
be judged from the fact that 
the money value of the power 
loss in transformers due to 
iron losses is many milhons of 
pounds sterling per annum. 

In Figs. 128 and 129 the 
iron losses are shown for stalloy 
laminations 0-0148 in. (0'037 
cm.) thick. In Fig. 128 the 
losses are shown in microwatts 
(i.e., watts x lO"*) per lb. for a range of very low values of the 
magnetic induction B, viz., from about 20 to 100 lines per sq. cm., 
whilst in Fig. 129 the iron losses are given for a range of B from 
about 300 to 1400 lines per sq. cm. 
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Figs. 130 and 131 show the iron losses as a function of the 
nduction B for three different frequencies commonly met with in 
practice. Fig. 130 refers to 


jood armature iron laminations 
)'626 mm. thick, and Fig. 131 
bo high-resistance alloyed iron 
[aminations 0-604 mm. thick. 

78. Iron Losses in Sheet Mate- 
rial at High Flux Densities 

In a recent paper,* C. E. 
Webb has given some results of 
tests on the power losses in 
magnetic sheet material at high 
flux densities. Some of the con- 
clusions drawn from these tests 
are as follows : 

(i) In aU the principal types 
of commercial sheet material in 



use at the present time, the rate 
of increase of the hysteresis 
loss with JSmax. considerably 
greater at flux densities above 
^max. = 10,000 than is indicated 
by Steinmetz’s law, or than ap- 
pears to have been generally 
realised. In most specimens 
over a small range in the neigh- 
bourhood of -Bmax. = 15,000, the 
variation is as rapid as the 



B.— ^ 

Fig. 131. 


2*5th power of -Bmax.» and in 

some cases it exceeds the 3rd or even the 4th power of Umax.- 


(ii) Above about B = 16,000, the rate of increase falls 


* See Journal of the Institution of Electrical Engineers, April, 1926, Vol. LXIV, 
p. 409. 
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off very rapidly and drops again to the l-6th power or even 
lower. 

(iii) The eddy-current index (see § 74) at high flux densities is 
fairly constant and generally rather less than 2. 

79. Skin Efiect due to Eddy Currents 

It is a consequence of Lenz’s law of electro-magnetic induction 
that the eddy currents due to an alternating flux through an iron 
plate will give rise to a weakening of the alternating magnetic flux. 
This weakening action wiU be a maximum at the central part of the 
section of the plate. The resultant concentration of the magnetic 
flux towards the outer or skin layers of the iron is known as the 
“ skin effect.” 

The problem of calculating the distribution of 
the alternating magnetic flux through the section 
of the plate has been dealt with by C. P. Stein- 
metz * and the curves given in Fig. 133 have been 
obtained from the equations given by him. 

In Fig. 132 is shown, in diagrammatic form, the 

Fig. 132. 

cross-section of an iron plate of thickness 2zl cms., 
and the alternating magnetic flux is assumed to be passing through 
the plate in a direction at right angles to the plane of the paper. 
The resultant flux distribution will be symmetrical on each side of 
the central plane. Let x cms. be the distance of two planes equi- 
distant from the central plane as shown in Fig. 132. Let be the 
flux density in the planes distant x cms. from the central plane and 
let be the flux density at the surfaces of the iron plate. In Fig. 

B * • • % 

133 the value of the ratio is shown as a function of the ratio 

for the condition that the alternating flux has a frequency of 50 
cycles per second, the permeability of the iron plate is 2000, and the 
specific electrical resistance 10 ohm per cm. cube. The results are 
shown for three plates of different thicknesses, viz., 0-75 mm., 1-5 
mms. and 3-0 mms., respectively. 

* See “ Transient Electric Phenomena.” 
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It will be seen that even for a plate only 0-75 mm. thick there is 
an appreciable weakening of the flux at the central part of the 
plate, whilst for the plate which is 3'0 mms. thick the flux is almost 
wiped out at the central part of the plate. 

If the penetration a of the magnetic flux into the plate be defined 
as the thickness in cms. of the surface layer which at constant 



Fio. 133. 


induction, equal to the actual surface induction would give 
the same total flux as actually exists, it may be shown that the 
following relationship holds, viz. : 


a 



where p is the specific electrical resistance of the plate, 

/< is the magnetic permeability of the plate, 

/ is the frequency of the alternating magnetic flux. 

As illustrative examples the data given in the following table 
will serve. The value of the penetration a in cms. is given for soft 
iron and for cast iron respectively for a series of frequencies. 




232 


APPLIED MAGNETISM 


Table. 


Frequency. 

Cycles per second 

26 

60 

500 

100,000 

Soft Iron : 

[jt = 2,000 : p = 10-« . . 

0 060 

0036 

00113 

00008 

Cast Steel : 

yL = 1,000 : p = 2 X 10-s . 

0101 

0-071 

0-023 

0-0016 


It is clear from these results that even at the low value of the 
frequency of 50 cycles per second, the penetration of an alternating 
magnetic flux in iron or steel is very small. This is a characteristic 
which has an important bearing on the design of the magnetic circuit 
of apparatus which is intended to be operated by an alternating 
magnetic flux such as electro-magnets, etc. (see also § 80). 

80. Permeability Tests at very High Frequencies 

Several investigators have studied the behaviour of iron at 
very high frequencies. E. P. W. Alexanderson, using his own 
design of alternator, measured the permeability at frequencies vary- 
ing from 40,000 to 200,000 cycles per second, and for values of ^max. 
from 450 to 1500. He found that, after allowing for eddy current 
effects, there was not much difference in the permeability at very 
high frequencies used in radio engineering and at the low frequencies 
common in heavy current electrical engineering. 

Silsbee made measurements of the permeability of fine iron wire 
at frequencies up to 350,000 cycles per second, using a Poulsen arc 
as the high-frequency generator. He also found that, after correcting 
for the eddy current effect, the permeability was independent of the 
frequency. 



CHAPTER XV 


SCOTT’S METHOD FOR OBTAINING THE HYSTERESIS 
LOOP FOR TRANSFORMER CORES 

81. Description of the Method 

This method provides a simple and rapid means for measuring 
the hysteresis loss in a transformer. The readings taken during 
the test give the necessary data for plotting the hysteresis loop 
when the winding data and cross-sectional area of the core of the 
transformer are known. 



Fig. 134. 


The procedure wiU be clear by reference to the diagrammatical 
sketch of connections given in Fig. 134. The characteristic feature 
of the method is the use of a special mercury double slide. Two 
channels of mercury FH and GK are connected at each end to a 
battery so that the two channels are in parallel across the battery. 
The neighbouring ends, however, of the two channels are of opposite 
polarity. That is to say, the end F of one shde being connected 
to the positive pole of the battery, the neighbouring end O of the 
other slide is connected to the negative pole of the battery. Two 
strips of copper A and B are immersed one in each mercury slide. 
These two strips are insulated from each other and are conveniently 
fixed to a wooden block provided with a suitable handle or grip. 
These two contacts are connected to the respective ends of the 
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primary (high-tension) winding of the transformer, and included 
in the circuit is an ammeter. 

Inspection of the diagram will show that if the sliding block is 
moved so that the contacts A and B are immersed in the ends F 
and G, respectively, of the mercury slides, the current will flow 
through the primary winding of the transformer in the direction 
from C'to D. If the sliding block is moved to the other end of the 
slider frame so that the contacts AB are immersed in the respective 
ends HK oi the mercury slides, the current will flow through the 
primary winding of the transformers in the direction from D to C. 
That is to say, as the sliding contacts are moved from the ends FG 
to the ends HK the current in the primary winding becomes reduced 
in magnitude, passes through the zero value, and then reverses in 
direction. The current variation can be made as gradual as may 
be desired, changing from a given positive value to a precisely 
equal negative value. 

As the current in the primary winding is thus varied, the flux 
in the transformer core will also vary in a corresponding manner, 
and, consequently, an e.m.f. will be induced in the secondary wind- 
ing. By suitably adjusting the speed at which the sliding contacts 
A and B are moved, it is possible to ensure that the induced e.m.f. 
in the secondary winding shall be constant in magnitude. 

To measure the magnitude of the induced e.m.f. in the secondary 
winding, and to ensure that it shall be constant, it is convenient to 
balance this e.m.f. by a p.d. obtained from a few secondary cells 
as shown in the diagram. Fig. 132. The p.d. which is tapped off 
a resistance R 8 is connected through the switch 8 W 2 so that it is 
brought across the terminals of the secondary winding in opposition 
to the induced e.m.f. Included in this circuit is a miUiammeter, A. 
When the induced e.m.f. in the winding Wi is equal to the applied 
p.d. as measured by the voltmeter V, no current will flow in the 
ammeter. 

The test therefore comprises the movement of the sliding mercury 
contacts A and B at such a rate that no current is indicated by the 
ammeter A. 
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The required value for the p.d. applied in opposition to the 
induced e.m.f. in the winding Wi depends upon the constants of 
the transformer {i.e., the winding data and the cross-sectional area 
of the core), the peak value of the induction density for which the 
hysteresis loop is required, and the speed at which the slider contacts 
are moved. This will be evident from an inspection of the formulae 
developed in the following. The magnitude of the extreme positive 
and negative values of the eurrent to be carried by the Avinding 
IF 2 also depends upon the constants of the transformer. 

The actual readings to be taken arc 
simultaneous measurements of the time 
and the current in the winding the 
controlling requirement being that the 
induced e.m.f. in the winding shall 
be constant throughout the test. 

Let A sq. cms. be the cross-sectional 
area of the core of the 
transformer, 

,, be the number of turns in the 
winding W^, 

„ Wi be the number of turns in the 
winding W^,, 

„ Cj volts be the induced e.m.f. in 
the winding 

„ cms. be the mean length of the magnetic circuit in the 
transformer core, 

„ ii amperes be the emrent at any moment in the winding IFg 
of the transformer, 

„ B lines per sq. cm. be the flux density in the transformer core, 

„ H gauss be the magnetic force along the mean magnetic 
path due to the current of i^ amperes, 

„ t seconds be the time of duration of the sliding operation 
measured from the commencement of the movement 
of the sliding contacts. 

In Fig. 135 is reproduced a curve ABC taken in an actual test 
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and showing the simultaneous values of the current in the winding 
W 2 and the time in seconds. The current has been varied from the 
negative value — 0*60 ampere to an equal positive value + 0'60 ampere. 

If now a similar test be taken in which the current is varied 
from the positive value + *2 amperes to an equal negative value 
— ^2 ampere, and if, in plotting the readings for this test, the origin 
for the time scale is taken at Oj, the curve CD A will be obtained. 
The two curves together form a closed loop, and it wiU be found 
that the curve CDA is of the same shape as the curve ABC, e.g., 
the point D on the one curve corresponding to the point B on the 
other curve. 


82. Construction of the Hysteresis Loop 
The e.m.f. induced in the winding Wi is 

dB 


WiA 


e, = 


dt 


108 


volts. 


As already stated, the sliding contacts A and B (Fig. 132) are 
so operated that the value of this induced e.m.f. is maintained 
constant. Hence 

dB _ eilO® _ j. 
dt WiA ^ 

where is a constant. 

That is, 

B - Kd. 

It is seen, therefore, that the time in seconds is directly pro- 
portional to the flux density B in the transformer core. Further, 
the value of the magnetising force along the mean magnetic path 
of the transformer core is given by 

H = 1-26 ^ H 

= K^iz gauss, 

where Kz is a constant. 

From these relationships, it is possible to transform the ordinates 
(time) in Fig. 135 into values of the induction density B, and the 
abscissae {i.e., the current iz) into values of the magnetising force H. 
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Taking an actual example. The test was carried out on a trans- 
former, the constructional data of which are : 


Number of turns in the high-tension winding = 860, 

» » 5, low-tension winding — 88, 

Mean length of the magnetic circuit in the 

transformer core = 38-1 cms. 

Cross-sectional area of the core . . . A = 180-6 sq. 


cms. 

Volume of iron in the core . . . F = 6637 c.c. 

Normal voltage for the high-tension winding 2000 volts, 
jj 5? „ low tension winding 200 volts. 

Current was supplied to the low-tension winding by means of 
the mercury sliding contacts and the induced e.m.f. in the high 
tension was maintained at the constant value of Cj = 0-031 volt. 
For this particular case therefore 


and 


K, 


- 20 


= 1-25 = 2-88. 

Hence 

H = 2-88*2 gauss, 

and 

B — 20< lines per sq. cm. 

In Fig. 136 is given the hysteresis loop KFGLF^Gy as deduced 
from the time-current loop of Fig. 135. The origin of co-ordinates 
in Fig. 136 is taken mid- way between the extremities K and L of 
the loop. 

It will be found that the two branches of the loop are identical 
in shape, viz., the point F corresponds to the point F^, and the 
point G to the point O^. 

By means of the results obtained in Chapter I, § 15, it is easy 
to prove that the energy loss due to hysteresis is given by 

[area of the hysteresis loop] .... ergs per c.c. per cycle, 
and this energy is dissipated in the form of heat. 
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The hysteresis loss corresponding to the loop shown in Fig. 136 
is therefore 

[ Area of the hysteresis loop KFOLF^Oil ergs per c.c. of iron 
4^ J core per cycle, 

= 950 ergs per c.c. of iron core per cycle. 
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Hence 

= 950, 

and since 

-Bmax. = 4000, 

the value of the hysteresis constant is found to be in this case 

V = 0-0017. 

If the transformer is operated at a frequency of 50 cycles per 
second, the power loss in hysteresis for the peak value of the induction 
^max. = 4000, will be 

950 X 50 X 6637 
10 ’ 


= 31-7 watts. 


CHAPTER XVI 


TESTING PERMANENT MAGNETS : TESTING FOR 

MECHANICAL AND OTHER DEFECTS IN STEEL BY 
MAGNETIC METHODS: TESTING FEEBLY MAGNETIC 
SUBSTANCES. 

83. The Testing of Permanent Magnets 

As explained in Chapter II, § 22, the most important magnetic 
characteristic of a permanent magnet is the part of the demagnetisa- 
tion curve between the remanencc point C and the coercive point F 
(Fig. 138), and the accurate determination of this curve is a matter 
of great practical importance. 

Permanent magnets may be of a 
great variety of shapes, and for the 
determination of the demagnetisation 
curve the use of both H search coils 
and B search coils is generally 
necessary. 

In the case of a uniformly mag- 
netised ring specimen, the value of 
H may be calculated from the data 
of the magnetising winding and the 
dimensions of the ring. In the case 
of a bar magnet or a horse-shoe magnet, the value of H cannot be 
calculated in the same way on account of the effect of the magnetised 
ends of the magnet and the leakage from the flanks. 

The value of the magnetising force H at any part of a magnet is 
given by the flux density in the air at the surface of the magnet, 
In Chapter XII, § 65, the use of search coils wound so as to embrace 
the section and connected up differentially has been considered, and 
it has been shown that these coils may be used for the measurement ol 
both H and B. 

For some purposes, the use of one or more search coils placed 
very near to the surface of the magnet but not linked with it, may b( 

convenient for measuring H, as shown in Fig. 137. Flat search coil 
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can be made by winding them on thin plates of insulating material, 
such as ebonite or glass. For example, thin plates of glass 0*8 mm. 
thick may be used. The turns of the winding may be arranged in 
several layers and held in place by binding with silk thread. 

For the newer qualities of permanent magnet steels (see Chapter 
XII, Fig. 109), the value of hfmax. may have to be as high as 1500 or 
more, in order to get the proper demagnetisation curve. For the 
case of a straight bar magnet, the necessary magnetisation may be 

obtained by placing the bar 
in a suitable form of bar and 
yoke permeammeter. 

The arrangement of the 
circuit connections is such 
that the cycle of magnetisa- 
tion can be passed through 
in the correct sequence after 
each step in the test. 

The test is commenced by 
bringing the bar magnet into 
the cyclic magnetic state by 
repeated reversals of the mag- 
netising current from -J- I^mx. 
fo — /max.* 

The throw from the H 
search coil is then obtained 
by switching the magnetising 
current from H- to 0. It will usually happen that when the 
cmrent is zero, the value of H is not zero, because there will be free 
poles at the joints between the ends of the magnet and the yoke, 
and there wiU also be some remanence in the yoke itself. The result 
will be that when the magnetising current is zero the magnetic state 
of the bar magnet will be that given by some point D (Fig. 138). 
That is to say, the throw given by the H search coil when the 
current is changed from -f /max. to 0 will be greater than the throw 
when the current is changed from 0 to — /max.* 



Fig. 138. 



TESTING PERMANENT MAGNETS 


241 


Referring to Fig. 138, if the throw given by the H search coil 
corresponds to the amount SK when the current is changed from 
+ -^max, tc) 0, the throw given by this search coil when the current is 
changed from 0 to — - /max. will be KT. The difference between these 
two quantities, viz., SK~KT, will be 20K, so that half the difference 
of the two throws from the H search coils will correspond to the 
magnitude OK which is the abscissa of the point D, 

If the throw given by the H search coil when switching the 
magnetising current from + /max. to 0 is less than the throw when 
switching from 0 to — - /max.> the point D will be at the right-hand 
side of the ordinate axis OC. 

The value of KD for the point D is obtained from the B search 
coil as follows : (i) The throw from the B search coil is obtained when 
the magnetising current is reversed from +/max. to -/max., the height 
AaS corresponding to half this throw, (ii) The throw is measured 
when switching the magnetising current from + /max. to 0, this throw 
corresponding to the amount AN. The height DK is then equal 
to AS~AN. 

In order to increase the accuracy of the determination of the 
points on the curve CDF, the following method may be used.* 

A mutual inductance is included in the circuit, the primary 
being in circuit with the magnetising winding and the secondary in 
circuit with the H search coil. By this means it is possible to 
accurately balance out the throw due to the reversal from + /Tmax 

to /?max. • 

Having obtained this condition, the sensitivity of the galvano- 
meter can be greatly increased by reducing the resistance connected 
in series with it. 

The following gives the routine of the process which may be 
followed : 

(1) Using the B search coil, find the value of the magnetising 
current — /^ which corresponds to the point F. For this point, 
the throw obtained in reducing the magnetising current from 

* See Campbell and Dye, Journal of the lustituticm of Electrical Euqineere 1915 
Vol. LIV, p. 35. 

16 
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+ ^m«x. to — 1 1 must be half the complete throw when reversing 
the magnetising current from + /,nax. to — /max.- 

(2) The mutual inductance in circuit with the H search coil 
is now set so that no throw is obtained from the H search coil 
when the magnetising current is reversed from + /^ax. to — /max.- 

(3) By switching the current from + /max. to 0, the throw 
will be that corresponding to the force OK for the point D, and, 
as previously explained, the point D usually will not be coinci- 
dent with C, the true remanence point. 

(4) The mutual inductance is now set at zero and the 
magnetising current changed from 0 to — /j, the value deter- 
mined in the process (1) above. The throw from the H search 
coil now gives KF and, knowing OK from the result of process (1), 
the point F is obtained, since OF = OK + KF. 

(5) For a further point M near the remanence point C, 
readings are taken when the magnetising current is changed 
from -f- /max. to a small positive value -j- 1 The throw from the 
B search coil gives the height MP. 

The current is then switched off, thus bringing the magnetic 
condition to D. The reading obtained from the H search coil 
gives the amount PK, and since OK is known from process (1) 
above, the amount OP is at once obtained and the point M is 
thus completely determined. 

In testing horse-shoe-shaped permanent magnets, a similar 
procedure may be followed. The magnetising coil may be wound in 
sections, so that they may be slipped on to the magnet. For the bent 
portion of the magnet two or three short sections may be used and 
longer sections for the straight limbs. In this way the whole of the 
magnet may be utilised to accommodate the magnetising winding, 
and even when this is done, it will be necessary to work the magnetis- 
ing coils at a high current density in order to obtain the high values 
of /fmax. which are required for testing permanent magnets. 

The magnetic circuit may be closed by means of a soft iron keeper 
placed across the poles of the magnet. 
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84. Correlation of the Magnetic and Mechanical Properties 

of Steel 

During recent years a large number of very important experi- 
mental investigations have been undertaken with a view to employing 
the results of magnetic tests of steel as a means for ascertaining its 
mechanical and other physical properties. 

This work is in a state of rapid development, and it is difficult 
to over-estimate the practical importance of the possibilities of the 
method for such purposes as testing haulage and winding ropes in 
mines, testing for flaws in steel rails, rifle-barrel steel, etc. 

An outstanding feature of this method of testing is that it permits 
of the detection of flaws without in any way interfering with the 
structure of the material, and can be applied, for example, in the case 
of highly polished and finished cutlery blades, without producing 
any blemish on the finished surfaces. 

Perhaps the most thorough and systematic investigations on these 
lines have been undertaken by the United States Bureau of Standards, 
and a number of detailed results have been given in the Proceedings 
of the American Society for Testing Materials, Philadelphia. Some 
of these results are reproduced in what follows. 

Experiment shows as an indisputable fact that the magnetic 
and mechanical characteristics of steel are very closely related, and 
the results already obtained are sufficient to establish the conclusion 
that the commercial application to shop routine practice of the 
method of magnetic testing for mechanical flaws or defects In heat 
treatment is possible. For example, up to a limit, an increase in the 
carbon content in steel produces, on the one hand, an increase in 
hardness and tensile strength and a decrease in ductility, whilst, on 
the other hand, increasing the carbon content decreases the per- 
meability and the saturation intensity and increases the coercive 
force and the hysteresis loss. Further, an increase in the rate of 
cooling from above the critical temperature has approximately the 
same effect on the mechanical and magnetic properties of steel as an 
increase in the carbon content. 

As an illustrative example of the effect of heat treatment on the 
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magnetic characteristics of steel the curves and other data given in 
Fig. 139 will serve. These res\ilts were obtained with an alloy steel 
of the following composition : 


Carbon 

Nickel 

Chromium 

Manganese 

Silicon 

Sulphur . 

Phosphorus 


0-640 per cent. 
0-630 „ „ 
0-580 „ „ 

0-510 „ „ 
0-210 „ „ 
0-038 „ „ 
0-013 „ „ 



In Fig. 139, Curve I shows the magnetisation curve when the steel 
had been oil-quenched from 800° C., Curve II the magnetisation curve 
after “ drawing ” * to 266° C., and Curve III after “ drawing ” to 
286° C. 

For each of the three conditions specified, the remanence and 
coercive force are shown by the points I, II and III, marked in on the 
left-hand side of the ordinate axis of Fig. 139. These values were 
obtained after magnetising the steel with a magnetising force Lfmax, of 

* The process of reheating the steel after quenching and then allowing it to- 
cool slowly is termed “ drawing.” 
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150 gauss. It will be observed that a high value of the coercive 
force and a low value of the remanence are associated with Curve I, 
whilst lower values of the coercive force and higher values of the 
remanence are associated with Curves II and III. 

85. Testing for Flaws in Wire Ropes by Magnetic Method 

Many attempts have been made during the last twenty years to 
devise a satisfactory magnetic method for testing the soundness of 
steel wire ropes, e.g., the hoisting ropes as used in mines. Such 
a method of testing offers great attractions — it is non-destructive 
and would permit of a rapid daily test of the rope before being put 
into service. Hitherto, however, not much practical success has 
been obtained, since the effect of even large 
flaws in the rope have been masked by the 
effect of internal stresses and it has not been 
found to be possible to separate the two effects 
with any degree of reliability. 

In broad outline, the magnetic method is 
as follows : The wire rope to be tested is 
surrounded with a search coil and a magnet- 
ising solenoid, the search coil being arranged 
at about the central part of the solenoid core. 

By exciting the magnetising solenoid with direct current, a magnetic 
flux is produced in the rope under test, and as the rope is run through 
the solenoid any change in the magnetic homogeneity produces a 
corresponding change in the flux and so induces an e.m.f. in the search 
coil. By connecting the search coil to a sensitive mirror galvanometer 
and receiving the spot of light on a photographic film wrapped on a 
revolving drum, it is possible to obtain a record of the e.m.f, induced 
in the search coil. If the method is a satisfactory one, an examination 
of this record should then make it possible to detect and locate the flaws. 

The difficulties of putting such a method into practice are great 
and are well illustrated by the records reproduced in Fig. 140.* In 
Fig. 140a the record is shown as taken from a sample of stream line 
* See R. L. Sanford, Electrical World, August 15, 1925, p. 309. 



Fio. 140. 
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wire as is sometimes used in aeroplane construction. So far as could 
be ascertained from evidence available, this wire had no defects or 
flaws, and mechanically was sound and satisfactory. The record 
shows a periodic curve and the length of the period corresponds with 
the circumference of the 8-in. roll with which the wire was rolled to 
the stream line section. 

Fig. 140b refers to a wire which originally showed little variation 
in magnetic permeabihty throughout its length and was intentionally 
injured at K by bending it at right angles and straightening it out 
again. It is to be observed that the resultant change in permeability 
due to the injured place is actually less than the variations found in 
the first wire. Fig. 140a, which was perfectly sound. 

In Fig. 140c is shown the record obtained from steel wire as used 
for the manufacture of wire ropes. 

In Fig. 140d is shown the record for the same steel wire rope as in 
Fig. 140c, but in this case intentional flaws were given to the rope as 
follows : 

At X a notch was filed in the rope, 

At Y the rope was bent. 

At Z the rope was heated with a match. 

An examination of the record, Fig. 140d, shows that the effect 
of the artificial notch X was so small that it would certainly have 
been overlooked completely in comparison with the other irregularities 
as given in the normal record of Fig. 140c for a sound rope. 

The records in Fig. 140 emphasise the great difficulties hitherto 
encountered in attempting to successfully apply the magnetic 
method of testing wire ropes as a commercial process. 

The United States Bureau of Standards,* however, have made 
an important contribution to the solution of this problem which 
appears to place the method on a sound practical basis for the first 
time so that rapid progress should now be possible in the practical 
development of this method. 

The new modification, which marks a notable advance, is this. 

* See R. L. Sanford, loc. cit. 
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Instead of using moderate values for the magnetising force H as 
hitherto has been the case, very much more intense magnetising 
forces are used. The effect of this improvement is well illustrated 
in Fig. 141. 

The records in Fig. 141a and 
Fig. 141b were taken with the same ^ 
rope as was used for the records 
given in Fig. 140c and Fig. 140d. ^ 

The record in Fig. 141a was 
obtained when the value of the 
magnetising force H was 20 gauss, 
and the record in Fig. 141b was taken when the magnetising force 
was increased to 100 gauss. 

An examination of Fig. 141b at once reveals the vitally important 
fact that the effect of the variations due to internal stresses in the 
rope have been practically wiped out, whilst the effect of the flaws 
X, Y and Z are plainly 
visible. Further, by 
comparing Fig. 141b 
with Fig. 140d it is 
seen that the effect of 
heating the rope has 
been reversed. 

The explanation of 
the successful elimina- 
tion of the variations 
due to internal stresses 
in the rope will be 
understood by refer- 
ence to Fig 142, which is the same as Fig. 70, Chapter VI. As 
already explained in Chapter VI, § 42, mechanical stress has an effect 
on the magnetic permeability of steel, and subjecting a steel wire to 
meehanical stress may either increase or decrease the permeabiUty 
according to the particular values of the magnetising force and the 
stress which are simultaneously acting (see Figs. 67 70). 



Fig. 142. 
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In Fig. 142 the increase or decrease AB ot the magnetic induction 
due to a given value of the stress is plotted vertically, whilst the 
corresponding values of the stress are plotted horizontally, as has 
been explained in detail in Chapter VI. 

It will be seen from Fig. 142 that for stresses up to about 50,000 lb. 
per sq. in., and for a magnetising force H = 75 gauss, the effect of 
stress on the permeability is practically zero, whereas if, for example, 
the value of the magnetising force is reduced to = 20 gauss, the 
effect of stress on the permeability is very large. Thus, by increasing 
the value of H suitably, the effect of internal stresses on the record 
of the e.m.f. induced in the search coil is practically wiped out. 
If, however, there are dangerously high stresses developed in the 
rope, say, stresses greater than about 75,000 lb. per s(j. in., due to 
the wear or rupture of one or more strands, the effect of this flaw 
will show up in the record as a reduction of the permeability of the 
rope. 

86. Magnetic Method for Testing Steel Rails for Mechanical 

Flaws 

The magnetic method is the only practical one available which, 
by a non-destructive test, shows whether two steel rails or bars are 
identical or whether two portions of the same rail or bar are identical, 
that is, whether blow holes, fissures, strains, etc., are existing in 
any part. 

Briefly stated, the procedure is as follows : An exciting solenoid 
is provided, the rail under test being passed through the solenoid and 
moved along at a uniform speed. One or more search coils are 
fitted within the solenoid, being wound on a former which closely 
embraces the rail. 

The general arrangement is shown diagrammatically in Fig. 143, 
The rail under test is supported on massive steel blocks A A, and the 
return path for the magnetic circuit is provided by the massive steel 
beam DD. The path of the magnetic flux will then be along the 
rail, across the supporting blocks A A, and back through the steel 
beam DD. 
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If the steel rail under test were absolutely homogeneous in 
every part in so far as its magnetic characteristics are concerned, 
the magnetic leakage from the surface would be more or less uniform 
throughout its length except at places near the blocks A A. If 
there are mechanical flaws, hardness, or other inhomogeneous part 
in the rail, there will be a change in the magnetic leakage in the 
neighbourhood of that part. The e.m.f. induced in the search coil 
which is moved along the surface with the exciting solenoid will 
therefore show a corresponding change in magnitude. Hence, if 
a continuous record of the induced e.m.f. in the search coil be taken 
as the coil and solenoid move along the rail, an examination of 
this record will make it possible to detect and to locate the 
flaws. 

The record of the 

voltage induced in the Magnetismg-soienoid 

and Search Coll. \ 

search coil is taken 
photographically by 
means of a film mounted 
on a rotating drum and 
which receives a spot of 
light from the galvan- 
ometer to which the 
search coil is connected. 

The results of some tests made on two rails by this method will 
now be given. One of the specimens, which was a 30 ft. length of 
100 lb. rail, was sawn into two parts. These are denoted by the 
letters A and B, respectively, in what follows. The second speci- 
men was a 20 ft. length of an 80 lb. rail, and this is denoted by the 
letter C. 

The first specimen (that is, the parts A and B) was from the 
same heat as another rail which broke in service and caused a 
wreck, whilst the specimen C itself broke in service and caused a 
wreck. 

The specimens were examined as received and also after certain 
artificial flaws, such as drill holes and saw-cuts, had been made in 
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them. The magnetic examination of the part A revealed the 
following results : 

(i) There were a number of pairs of hard and soft portions 
corresponding to the number of ties on which the rail rested. 

(ii) The maximum magnetic hardness was found to be at 
places approximately at the centres of the portions of the rail 
which rested on the ties. 

(iii) Near the end containing the splice bar holes was a 
region which was relatively soft, magnetically. 



A saw slot of about 1 mm. width was then cut across the head of 
the specimen B. This slot removed about 10% of the cross-section 
of the rail, and in order to minimise the effect of this reduction of 
cross-section, the slot was filled with strips of high permeability 



steel. In this way an imitation of a transverse fissure was 
obtained. 

The rail was then examined magnetically by using two search 
coils connected in opposition and displaced longitudinally relatively 
to one another. The magnetising solenoid and test coils were then 
moved along the rail as previously explained, and a record was 
taken of the induced c.m.f. in the search coils. This record is given 
in Fig. 144, and it will be seen that the effect of the saw-cut is very 
clearly marked. 

In order to find out whether the method was capable of showing 



TESTING PERMANENT MAGNETS 


251 


up a flaw in the web of a rail, records of the search coil e.m.f. were 
taken after holes of various sizes had been drilled in the web. The 
result obtained when a hole of 12-7 mms. was drilled in the web is 
given in Fig. 145. 

As regards the specimen C, which, as already stated, was a rail 
which had broken in service, the magnetic record is shown in Fig. 146, 
a single search coil being used when this record was taken. The 
significant result is obtained that there were nine magnetically hard 
regions more or less regularly spaced. An inspection of the rail 
showed that these hard portions were those which had rested on 
the ties. It is therefore sufficiently clear that the contact pressure 



Fio. 146. 


of the ties and other service conditions had had the effect of 
producing a change in the structure of the steel. 

87. The Magnetic Examination of Cutlery and Drills 

The examination of knife blades and other cutting tools is an 
important practical application of the magnetic method of testing 
materials. Essential requirements which a satisfactory blade must 
fulfil are that it is free from flaws and that it will take and hold a 
fine edge — the edge not being easily turned over or broken. In 
other words, the blade shall have a high degree of both hardness and 
toughness. These two qualities are to some extent conflicting, and 
experience has shown that the best result is obtained by quenching 
the steel from above the critical temperature and drawing it to a 
temperature which depends upon the dimensions of the blade and 
the purpose for which it is intended to be used. 

If quenching is too severe, cracks are formed in the blade, and 
these cracks may not be discovered until a good deal of expensive 
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work has been done and the blade has been ground and polished. 
If the quenching is modified in order to avoid the cracks, the result 
is that an insufficient degree of hardness is obtained. It is to be 
observed that the process of “ drawing ” gives an increase of tough- 
ness at the expense of the hardness. 

Magnetically, then, the problems of testing knife blades are as 
follows : 


(i) To determine the magnetic characteristics of heat- 
treated blades in the rough, whieh may be used as criteria for 
separating craeked blades from sound ones. 

(ii) To determine the magnetic characteristics of the finished 
blades which possess the requisite meehanical properties. 

A great deal of work in this connection has been done by the 
United States Bureau of Standards, and Burrows and Fahy have 
summarised the position as follows : 

(1) The proper hardness of the finished knife blade may be 
stated in terms of the coercive force. This test will sort out 
the faulty material from that which is sound and will enable 
the good blades to be classified in the order of merit. 

The valuable feature of this test is that it does not 
injure or mar in the slightest the highly polished and finished 
blade. 

(2) A magnetic examination of a blade as it comes from 
the quenching bath will tell at onee whether or not the blade 
is cracked or has been so badly strained in quenching that 
cracks are liable to develop under further mechanical or heat 
treatment. This test enables the faulty blades to be discarded 
before any expensive work has been done on them. The test 
can also detect under-quenching and thus provides an oppor- 
tunity for retreating the blades immediately without waste of 
time or labour. 

As regards the testing of drills by the magnetic method, it may 
be observed that a test of the coercive force enables the good drills 
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to be separated from the bad ones, that is to say, the drills which 
have been properly heat treated from those which are defective in 
this respect. The test also allows the drills to be classified in the 
order of merit. 


88. Tests on Ball-bearing Races 

A method has been used by Sanford and Fischer for testing 
ba 11-bearing races which depends on the fact that if a piece of steel, 
e.n,, a steel ring, is placed in a slowly rotating magnetic field, a torque 
will be exerted on it due to magnetic hysteresis. Assuming that the 
speed of rotation is so slow that the magnitude of the eddy currents 
is small, it is easy to show that the magnitude of the torque is pro- 
portional to the energy loss in hysteresis per revolution and that 
the torque is consequently independent of the speed of rotation 
of the magnetic field. 

Experiment shows that the magnitude of the hysteresis torque 
is a measure of the mechanical hardness of the ring under test. 

Tests were made by supporting the ball race between the poles 
of a powerful electro-magnet, which was slowly rotated. The ball 
race was clamped on a self-centring holder at the end of a shaft 
mounted in ball bearings and supported from above. The torque 
was balanced by means of a spiral spring, and the deflection of a 
pointer attached to the spring gave the magnitude of the hysteresis 
torque. 

Experiments have shown that it is possible by this means to 
detect flaws which are invisible. Upon breaking such faulty rings 
with a hammer, however, rust marks were found which indicated 
the presence of cracks. 

The method is also able to give a good indication as to whether 
the heat treatment to which a ball race has been subjected has been 
satisfactory. For example, in the following table are given the 
readings of the hysteresis torque for a series of groups of ball races. 
Each group comprised six rings, and the average result of the six 
is given for each group. 
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Table. 


Group No. 

Quenching 

Temperature. 

Torque 

Reading. 

1 

732° C. 

35 

2 

760° C. 

68 

3 

788° C. 

69 

4 

815° C. 

1 73 

5 

843° C. 

66 


It will be observed that the value of the torque increases pro- 
gressively with the quenching temperature with the exception of the 
group no. 5. Other things being the same, the torque reading for 
this group should have been the highest of all, and in order to 
investigate the cause of the inconsistency, the heat records were 
examined. It was then found that in the case of this group the 
rings had been overheated by 28° C., and then allowed to cool until 
the rings were 56° C. below the desired temperature before they were 
reheated. It is thought that this treatment had the effect of 
decarbonising the outer surface to some extent, thus giving the low 
reading for the torque. 

Tests were also made as to the effect of “ drawing ” the quenched 
rings to various temperatures, and it was found that a sharp drop 
in the torque reading occurred for drawing temperatures between 
200° C. and 300° C. It is within this range of temperatures that 
the magnetic transformation of cementite (FcjC) occurs. 

89. Thermo-magnetic Analysis 

If iron or steel be heated within a moderate range of temperature, 
say, up to about 400° C., and if the intensity of magnetisation J 
be plotted as a function of the temperature for a given value of the 
magnetising force, the curve so obtained has a shape which is 
characteristic of the composition of the iron or steel (see, for example, 
Chapter III, Fig. 34). Making use of this phenomenon, the plotting 
of such curves provides a basis for the non-destructive analysis of 
steel. 

This method is now receiving a considerable amount of attention 
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and there is reason to believe that it will provide a valuable means 
for determining the composition of iron and steel.* 

90. Tests on Non-magnetic Steels 

The so-called non-magnetic steel and iron, for example, non- 
magnetic cast iron (see Chapter IV, §§ 34 and 36), require somewhat 
special methods for determining their characteristics. One method 
of doing this is as follows : Suppose a bar of the substance is placed 
at the central part within the core of a long solenoid and that a 
search coil is provided embracing the specimen and wound with a 
large number of turns, the arrangement being such that the specimen 
may be removed without interfering with the search coil. In 
circuit with the solenoid is the primary of a calibrated air core 
mutual inductance, the secondary of which is in circuit with the 
ballistic galvanometer. The necessary adjtistments are then made, 
so that when the specimen is removed no throw of the galvanometer 
is obtained when the current in the solenoid is reversed. That is 
to say, the e.m.f. induced in the search coil by the magnetic flux 
through the search coil due to the magnetising field H is balanced 
out by the e.m.f. induced in the same circuit by the mutual 
inductance. 

If the specimen is now placed in position in the solenoid, the 
throw of the galvanometer will be a measure of the intensity of 
magnetisation J, where 

B - H 

^ ~ 4=71 

The intensity of the magnetic force at the central part of the solenoid 
is calculated by means of the relationship 

4:7Z 

H ^ jq (ampere-turns per cm. length), 

and it may be assumed that, in the case of the very low permeability 
steel and cast iron for which this method is applicable, the effect 

* See also Eevue de MetaUurgie, 1926, Vol. XXII, p. 27, and Benedicks, Journal 
of the Iron and Steel Institute, 1926. 
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on this calculated value of H due to the magnetised ends of the 
speeimen is negligibly small. 


91. Susceptibility of Feebly Magnetic Substances 

It was stated in Chapter I, § 8, that the susceptibility k is related 
to the permeability {x by the equation 

= 1 + 47t<C. 


Assuming, for example, that annealed dynamo steel has a 
maximum permeability of about 5000 (see Fig. 46), the correspond- 
ing value of the susceptibility is about 400 c.g.s. units. 

It is sometimes necessary to measure the susceptibihty of very 
feebly magnetic bodies for which the value of k may be of the 
order of 10"®. For such measurements, the usual methods employed 
for iron and steel are useless. The ordinary magnetometer, for 
example, ceases to be applicable for values of the susceptibility less 
than about O-OOl, and special methods have to be brought into 
use. 

A knowledge of the susceptibility of feebly magnetic substances 
is important when dealing with some problems in connection with 
the magnetic separation of ores and also in connection with magnetic 
survey work. 

Prof. E. Wilson * has developed a method which is capable of 
determining susceptibilities of a very low order. The principle of 
operation is the relationship 


F = 




where F is the force acting upon unit volume of the substance and 
H is the magnetic force varying with the distance x. The apparatus 
eomprises an electro-magnet which attracts or repels the substance 
according to whether it is paramagnetic or diamagnetic. The 
specimen is secured to one end of a horizontal beam which is sup- 
ported at its centre by a phosphor-bronze strip and the pull exerted 
by the magnet is balanced by the force of torsion of the strip. 

* See E. Wilson, Proc. Royal Soc., 1920, A, Vol. XCV ; also Journal of the 
Institution of Electrical EngineerSy 1919, Vol. LVII, p. 416. 
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'formally, the specimen hangs between the poles of the magnet, 
phich is capable of motion in a horizontal direction at right angles 
o the beam. 

When it is required to make a measurement of the susceptibility, 
he electro-magnet is excited, and this excitation is maintained 
jonstant. The magnet is then moved forward, thus attracting 
he specimen in the direction x until the angle of twist is a maximum. 
This angle is measured by a spot of light reflected from a mirror 
ittached to the phosphor-bronze strip supporting the beam. If 
<hc strength of the magnetic field H is known in the neighbourhood 
)f the specimen when the deflection is a maximum, the susceptibility 
s given by the relationship 

G0 

X - ipy, 

ivhere V is the volume of the specimen, 

0 is the observed maximum deflection, 

C is a constant. 

The following table gives a list of some of the sid)stances of which 
the susceptibility has been measured in this way. 


Table. 


Substance. 

Susceptibility. 

Magnetite Crystal 

10 

Grranite 

0-0012 

Red Hsematitc) 

0-00020 

Platinum 

0-000020 

Bengal ruby mica, clear, in a direction parallel to the 
plane of the laminae 

0-000012 

Limestone 

0-000000 

Aluminium 

0-0000018 

Copper 

— 0-00000073 

Glasses, various 

(— 0-00000015 

0-0000025 

Water 

- 0-00000075 


17 
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Cobalt steel, 46, 47, 67 
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saturation, 94, 96, 97, 100 
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Compensating coil, 205 

magnet, 212 

Condenser dischargt^, 132 
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Cooling curve, 63, 64 
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206. (See also B : H curves.) 


259 



260 


INDEX 


Cutlery, magnetic tests for, 251 
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Durrer, 57 
Dye, 241 
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Electro-magni't, 187, 253, 256 
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Electron, 33, 40, 112, 113, 119 
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periodic time, 112, 113, 119 
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Ellipsoidal specimens, 16, 201, 214 
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unit of, 12 

Fluxmeter, 151 

Force, coercive, 20, 49, 166, 168, 244 

flux of, 10 

— line of, 10 
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224 
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H, magnetic force, 9 
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constant, 25, 26, 27, 28, 89, 216, 227, 
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233, 236 
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— — torque, 253 
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Intense magnetic fields, 124, 136, 188 

Intensity, magnetic, 9 
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64, 72, 117 
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— — separation of losses, 221, 224 

Isthmus method, 187 
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Lino of force, 10 
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Loss, hysteresis, 13, 215, 237, 238 
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MeKcehaii, L. W., 81, 104, 105 
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energy, 12, 41, 43, 45, 40, 48, 200 
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hardness, 94, 96, 97 

induction, 12, 93 
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Manganese, 18, 67, 72, 73, 74, 87, 89, 111 
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Method, bar and yoke, 167, 171 

of reversals, 100, 155, 160 

step-by-step, 164 

Meuthen, 57 
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Neodymium, 18 
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Osmond, F,, 56 
Oxygon, 18, 111, 118 

Paramagnetic, 17, 111, 117, 119, 121 
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Silicon, 19, 26, 27 
Silicon iron, 73, 74 
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Electron, 112 

Ewing’s, 29 

Thermo -magnetic analysis, 254 

Thompson, S. P., 25, 71 

Torque, hysteresis, 253 

Torsion, effect on magnetisation, 109, 110 


Total iron losses, 215, 227 
Transformer, hysteresis loss in, 233 
Tungsten, 23, 61, 62 
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